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The kinetics of wetting of a liquid droplet deposited onto a surface 
consisting of ordered arrays of nanostructures with either structural or 
chemical asymmetry was studied. Structurally anisotropic Si nanostructures 
were obtained by fabricating elliptical nanofins using interference lithography 
and metal assisted chemical etching. Chemically anisotropic nanostructures, 
on the other hand, were obtained by the oblique angle deposition of a metal 
onto an array of polystyrene nanostructures fabricated by interference 
lithography and O2/CF4 plasma etching.  
 It was found that when there is chemical asymmetry, that is, a 
difference between the surface energy of the two faces of a nanostructure, an 
uneven pinning strength on the triple phase contact line causes preferential 
wetting to occur on the more hydrophilic face. Depending on the shape of the 
nanostructure, which can be controlled by the fabrication process, wetting can 
be made uni-, bi- or tri-directional.   
 For the case of chemically homogeneous nanostructures, it was found 
that when the nanostructures are sufficiently rough, a form of wetting different 
from Wenzel and Cassie-Baxter states will arise. This form of wetting is 
commonly known as hemiwicking or 2D wicking, and involves a film of 
liquid wicking from the base of the droplet into the space between the 
nanostructures. The rate of imbibition of the wicking film is determined by the 
balance between capillary energy gained from wetting the nanostructures and 
energy losses in the form of skin drag and form drag. It was found that skin 
drag tends to be stronger along the length of the nanofins while the converse is 
x 
 
true for form drag. Therefore, depending on the exact geometry of the 
nanofins, the wicking film may adopt an isotropic or anisotropic shape on 
nanofin arrays.  
 In contrast, droplets spreading on 2D wicking surfaces made of 
nanofins are always isotropic in shape. This can be attributed to the 
elimination of contact line pinning by the wicking film which, by advancing 
ahead of the droplet edge, causes the droplet to effectively spread on a flat, 
composite surface made up of solid and liquid phases. 
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Motivation and Scope 
 
1.1 Introduction  
The spreading of a liquid droplet on a solid surface, commonly known 
as wetting, is a fundamental aspect of the interaction between solid and liquid 
phases and impacts many natural and engineering processes. It is the key to 
understanding how plants draw water from their roots, how leaves and petals 
stay dry after rain1, how water striders stay afloat on ponds2, why water 
droplets roll off non-stick frying pans but imbibes paper towels and why 
mercury balls up on the same surface that water spreads out on. On an 
industrial level, it affects the efficiency of processes such as oil recovery3, 
water uptake4, moisture management5, thermal management6, nanoimprinting7, 
dewetting of thin solid films8 and surface functionalization of microstructures9. 
Given the multitude of applications that rely on an intimate understanding of 
the wetting process, it is perhaps not surprising to find that droplet behaviour 
on surfaces has remained an important subject of study for the past few 
decades10,11. For instance, research on superhydrophobic surfaces, a subset of 
wetting studies, has been found to be particularly active, with the seventh 
highest number of citations in the discipline of materials science and 
technology in 201112. 
Amongst the many fields wetting affects, nanotechnology may be the 
most important of all. This is because capillary force scale linearly with length 
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while electrical and magnetic forces scale with length to the power of 2 and 4, 
respectively13. Therefore, as engineering structures and devices decrease in 
size, capillary force becomes increasingly dominant. Thus, a comprehensive 
understanding of the interaction between liquids and nanostructures is 
imperative for nanotechnological devices to succeed.  
In addition, such knowledge also provides the basis for the design of 
functional surfaces or interfaces for controlling wetting and adhesion. 
Recently, there has been burgeoning interest in engineering anisotropic 
nanostructures for such functional surfaces after it was discovered that they 
can be used to provide direction based properties which could be useful for 
devices such as microfluidic chips14 and biosensors15. For instance, shark 
skin16 and water strider legs2 are decorated with anisotropic micro-/nano-
structures that provide reduced drag for forward motion while butterfly wings 
of certain species employ similar structures to direct water droplets away from 
their bodies17.   
Although it has been shown that biomimicking the anisotropic 
nanostructures found in nature has generally produced similar results18–20, 
there is, thus far, only a limited number of studies focused on the various 
mechanisms influencing the anisotropic wetting processes observed. The 
motivation of this thesis, therefore, is to investigate in detail, how structural 
and chemical asymmetry of nanostructures affects the wetting process. While 
some thermodynamics will also be discussed in the course of this thesis, the 
emphasis is on the kinetics of wetting, namely, the rate and direction of 
wetting, as these parameters have more immediate implications for the design 
and response time of devices. 
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1.2 Contents of this Thesis 
This thesis is organized into seven chapters. In Chapter 1, the 
motivation and scope for the study is presented. In Chapter 2, the 
fundamentals of wetting and the current research front on the subject are 
reviewed. In Chapter 3, the pattern formation and various pattern transfer 
techniques are introduced along with some common methods used to 
characterize the wetting process. In Chapter 4, the imbibition rate of a droplet 
into the space between isotropic and structurally anisotropic nanostructures are 
studied in detail. In Chapter 5, the rate of droplet spreading on isotropic and 
structurally anisotropic nanostructures is discussed. In Chapter 6, the effect of 
chemical anisotropy introduced to isotropic and structurally anisotropic 
nanostructures will be investigated. Lastly, in Chapter 7, the conclusions of 
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Wetting Models and Characterization 
Techniques 
 
2.1 Wetting on a Flat Solid Surface 
 When a liquid droplet contacts a solid substrate, it may spread and 
adhere to the surface. The extent of spreading is determined by the relative 
binding strength between liquid particles (also known as cohesive strength) 
with respect to that of the liquid-surface interaction (also known as the 
adhesive strength)1. If the cohesive strength of a droplet is much lower than its 
adhesive strength with a particular surface, there will be substantial spreading 
of the liquid on the solid substrate. For instance, when water is deposited onto 
a glass substrate, water molecules prefer to spread out on the surface and form 
van der Waals’ bonds with the glass molecules rather than remain stuck 
together, bounded by their relatively weaker hydrogen bonds2. The converse is 
true and if a mercury droplet is deposited onto the same glass substrate, it 
would stubbornly refuse to spread out3. This is because the metallic bonding 
between the mercury atoms is much stronger than any van der Waals’ bonding 




Figure 2-1: Surface tension forces acting on the triple phase contact line of a 
droplet spreading on a chemically homogeneous and smooth surface. 
 To quantify the extent of spreading of a droplet on a surface, the 
contact angle, , illustrated in Figure 2-1, is used. The relationship between  
and the surface energy of the liquid droplet and solid substrate is described by 
the Young’s equation which can be given by4 
cos SV SL          (2.1) 
where γSV, γSL, and γ are the solid-vapour, solid-liquid and liquid-vapour 
interfacial energies, respectively. Surface energy is also often referred to as 
surface tension, which can be thought of as a force acting on the droplet edge 
(also known as triple phase contact line), as shown in Figure 2-1. In this case, 
Eq. (2.1) can be derived simply by equilibrating the horizontal forces acting on 
the droplet edge.  
 Surface energy can generally be understood as a measure of the bond 
strength (ignoring entropic effects) between two species at a particular 
interface. The stronger the bond strength, the lower the surface energy. With 
reference to the above discussion about the adhesive strength between the 
liquid droplet and solid surface, it can be seen that if the adhesive strength is 
relatively low, γSL is large and consequently, according to Eq. (2.1),  will be 
large. In other words, the droplet will choose to remain in a largely spherical 
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shape as opposed to spreading on the surface, which is consistent with the 
conclusion we drew earlier.  
 
2.2 Wetting on Nanostructures 
 Although Young’s equation is useful for predicting the extent of 
spreading on flat substrates, surfaces in real life are generally far from being 
perfectly smooth and flat. There is a need therefore, to extend the analysis of 
wetting to rough surfaces, which include those modified with arrays of 
nanostructures. Thus far, three major types of wetting have been found in the 
interaction of a droplet with a rough surface.  
 
Figure 2-2: Schematic diagrams showing the three possible states that can be 
adopted by a droplet spreading on nanostructured surface. (a) A fakir droplet 
sitting atop nanostructures (Cassie-Baxter state). (b) A droplet infiltrating the 
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space between the roughness of a surface (Wenzel state) and (c) a droplet 
imbibing the roughness ahead of the droplet edge (2D wicking state). 
Firstly, droplets may sit on the tip of the roughness much like a fakir 
does on a bed of nails5 (Figure 2-2a). The surface underneath the droplet is 
more or less flat and composed of both air spaces and the solid substrate 
material. Generally, this wetting state is found in cases where    70° 6, that is, 
the intrinsic material of the rough surface must be of fairly low surface energy 
as compared to the substrate materials required to induce the other wetting 
states.  
If the intrinsic material of the rough surface has a high surface energy, 
the droplet will envelop the roughness7 as seen in Figure 2-2b. As such, the 
droplet does not sit on a smooth surface which is chemically homogeneous, 
unlike the case in Figure 2.2a. 
Lastly, the liquid from the droplet may infiltrate the spaces in the 
surface roughness surrounding the droplet, forming a wicking film that 
extends ahead of the droplet edge, causing the droplet to spread on a flat 
surface composed of liquid from the droplet reservoir and the solid substrate 
material8 (Figure 2-2c). If the substrate area is sufficiently large, the droplet 
reservoir will eventually be depleted, leaving only the wicking film. Like the 
wetting type in Figure 2-2b, the surface energy of the substrate material has to 
be relatively high to observe this wetting type.  
The wetting types in Figures 2-2a, 2-2b and 2.-2c are commonly 
termed the Cassie-Baxter state9, Wenzel state10 and two dimensional (2D) 
wicking11 (also hemiwicking12) state respectively. Although the wetting state 
with 2D wicking resembles both the Cassie-Baxter and Wenzel states to some 
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degree, it is a distinct wetting type, properly characterized by Bico et al. only a 
decade ago. Therefore, as compared to the Cassie-Baxter state and Wenzel 
state which have been intensively studied since the 1930s, the 2D wicking 
state remains relatively unexplored. For this reason, this wetting type will be 
the main focus of our studies which will be presented in the following chapters. 
Meanwhile, the rest of the literature review will concentrate mostly on the 
Wenzel and Cassie-Baxter states. 
 
2.3 Macroscopic Apparent Contact Angle and 
Microscopic Intrinsic Contact Angle  
 
Figure 2-3: (a) PDMS droplet on Si microchannels coated with fluorodecyl-
POSS (polyhedral oligomeric silsesquioxane). (Insets) Side view of decane 
droplets, which have similar surface tension values as PDMS, on the same Si 
microchannels, along different axes. Magnified view of droplet edge (b) 
advancing and (c) receding along the y-axis. Magnified view of the droplet 
edge (d) advancing and (e) receding along the X-axis6. 
In all of the wetting states discussed in the previous section, the droplet 
exhibits an apparent contact angle, *, that is different from the intrinsic 
contact angle exhibited on a flat surface of the substrate material, . This 
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apparent contact angle is so called because it is the contact angle measured 
when the droplet is viewed on a macroscopic scale (on the order of millimetres) 
(Figure 2-3a). Under the scrutiny of an SEM, however, droplets have been 
observed to deform from the spherical/ elliptical cap shape at a distance very 
near to the nanostructured surface so that the liquid forms the “true”, intrinsic 
contact angle of  with microscopic flat surfaces of the roughness. An 
example of this can be seen in Figures 2-3b – 2-3e which show a PDMS 
droplet forming a microscopic contact angle of  on the flat tops of the 
microgrooves. Note that the droplet also forms a contact angle of 180° with 
the air spaces between the microgrooves, which is the intrinsic contact angle 
the macroscopic droplet makes with air. Clearly, Young’s relation is being 
enforced locally at the solid-liquid-vapour interface on a microscopic scale. *, 
which more often than not has a different value from , and is therefore a 
macroscopic average all of the microscopic intrinsic contact angles. The 
relationship between *, , the surface roughness and surface chemistry of the 
solid substrate can be found by minimizing the Gibbs’ free energy of the 




2.4 Thermodynamics of Wetting 
2.4.1 Thermodynamic Equilibrium Apparent Contact 
Angle 
The symbols used in the following derivation of the thermodynamic 
equilibrium apparent contact angle, θ*, are given below. 
E Total surface energy of a system comprised of a water droplet 
and solid surface. 
R Radius of curvature of a droplet on a surface. 
H Height of a droplet on a surface. 
a Base radius of the droplet on the substrate surface. 
A Apparent (projected) area of a single repeating unit cell in a 
nanostructure array.  
Aactual Actual surface area of a single repeating unit cell in a 
nanostructure array. (Example: for a nano-pillar array, Aactual = P
2 
+ πph.) 
r Roughness defined as Aactual/ A. 
S1 Surface area of material 1 in a unit cell of a nanostructure array 
S2 Surface area of material 2 in a unit cell of a nanostructure array. 
SL Surface energy of solid-liquid interface 
γSV Surface energy of a solid-vapour interface. 
γ Surface energy of a liquid-vapour interface. 
f1 Fraction of surface area of material 1 in a unit cell (= S1/Aactual). 
f2 Fraction of surface area of material 2 in a unit cell (= S2/Aactual). 
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V Volume of droplet. 
l Capillary length, a characteristic length scale that measures the 
relative strength of surface tension with respect to that of the 
gravitational force. 
 Density of liquid. 
g Gravitational acceleration (= 9.81 m/s2) 
 
Starting with a system comprised of a water droplet with the shape of a 
spherical cap and a substrate surface with both topographical roughness and 
chemical heterogeneity, the surface energy, E, can be written as  
 
    
2
1 21 2
2 SL SV SL SV
a
E RH S S
A

               (2.2) 
where R is the radius of curvature of the spherical cap, H is the maximum 
height of the spherical cap of liquid measured from the substrate surface, a is 
the base radius of the droplet on the substrate, A is the apparent (projected) 
surface area of a unit repeating cell of the nanostructure array, SJ is the actual 
surface area of material J in that cell, and γSV, γSL, and γ are the solid-vapour, 
solid-liquid and liquid-vapour interfacial energies, respectively. All the 





  where  is the density of the fluid and g is the gravitational 
acceleration, so that gravitational energy due to the weight of the droplet can 
be considered as negligible and can be ignored in Eq. (2.2).  
Knowing that 
 
  1 cos *H R   ,     (2.3) 
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  ,     (2.6) 
   1 1cos SV SL     ,     (2.7) 
and 
   2 2cos SV SL     ,     (2.8) 
the surface energy can be re-written as 
     2 2 2 1 1 2 22 1 cos * sin * cos cosE R R r f f            (2.9) 










     
  
.    (2.10)
 
The volume of the fluid that is in between the nanostructures is assumed to be 
insignificant and has been neglected in equation (2.10). 
 We can find * by minimizing E for a fixed V using the method of 
Lagrange. Taking Ω = E + λV, where λ is a LaGrange multiplier, we find the 
conditions for which Ω is minimized with respect to both R and θ*, giving 
   
     1 1 2 24 2 1 cos * cos cos 2 cos * 1 cos * 0
d
r f f R
dR
       

       
       (2.11) 
and  
  
    21 1 2 22 2 cos * cos cos 1 cos * 0
*
d
r f f R
d
      


      .   
     (2.12)     
                      
 




 1 1 2 2
cos * cos cosrf rf     ,    (2.13) 
where r is the roughness given by Aactual/ A, fj is the fraction of the solid 
surface area that is material j and θj refers to the intrinsic contact angle of 
material j given by Young’s equation. The use of Eq. (2.13) can be found in 
the calculation of eqb in Eq. (4.1) of Chapter 4.6. Eq. (2.13) can be easily 








       (2.14) 
if the surface is composed of more than two materials.  
 For the case of droplet spreading in Figures 2-2a and 2-2c , r = 1 and 
Eq. (2.13) can be simplified to  
1 1 2 2cos * cos cosf f        (2.15)
 
which is commonly known as the Cassie-Baxter equation9. Furthermore, since 
f2 = 1 - f1 and 2 = 180° (material 2 here refers to air) for Figure 2-2a9,  
1 1cos * (cos 1) 1f    .    (2.16) 
Similarly, for Figure 2.2c where 2 = 0° (material 2 here refers to the liquid 
from the droplet)8, 
1 1cos * (cos 1) 1f    .    (2.17) 
 For the case of Figure 2-2b, the surface is of homogeneous chemistry 
and thus, f1 = 1 and f2 = 0. Simplifying Eq. (2.13) will lead to  
cos * cosr  .     (2.18) 
which is known as the Wenzel equation10. Note that for all of the cases 
discussed above, the droplet is in its lowest energy state when it forms an 
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apparent contact angle of θ* with the substrate, i.e. at thermodynamic 
equilibrium.  
 
2.4.2 Triple Phase Contact Line Pinning 
 The contact angles calculated using the various equations derived in 
section 2.4.1 rarely agree well with the experimental contact angles of droplets 
on rough surfaces. Typically, a range of * values can be observed for a 
droplet wetting a rough surface. The difference between the maximum value 
of * within this range, called the advancing contact angle, A, and the 
minimum value, R, called the receding contact angle, is known as the contact 
angle hysteresis.  
 
Figure 2-4: Free energy vs instantaneous water contact angle on a rough 
surface (r = 1.1,  = 64.3°). The smooth line represents calculations for 
wetting in the direction parallel to the microchannels while the undulating line 
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represents calculations for wetting in the direction perpendicular to the 
microchannels14. 
 It is generally accepted that the cause for contact angle hysteresis is 
triple phase contact line pinning. Unlike the case with a flat, ideal surface, the 
triple phase contact line at the droplet edge is not free to move across a rough 
surface. Instead, there are many points on the rough surface that can “trap” or 
“pin” the contact line with chemical (Cassie-Baxter state) or structural 
heterogeneity (Wenzel state). Only when the wetting force is stronger than the 
pinning force can the triple phase contact line advance. From an energy 
perspective, this means that there are many energy barriers that can trap a 
droplet in a metastable shape before it ever reaches the thermodynamic 
equilibrium state described by the equations in section 2.4.1 (Figure 2-4)14. 
Figure 2-5 demonstrates how this contact line pinning can occur for a droplet 
wetting in the Wenzel state15. 
 
Figure 2-5: Side view of contact line pinning on the top edge of a 
nanostructure for (a) an advancing droplet edge (contact line is moving to the 
right) and (b) a retracting droplet edge (contact line is moving to the left). 
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 The relationship between * and  is therefore, not as straightforward 
as that described by section 2.4.1. To take into account the pinning of the 
triple phase contact line, researchers have suggested that the Cassie-Baxter 
equation (Eq. 2.15) should only be applied locally at the triple phase contact 
line. For instance, with reference to Figure 2-3, let us consider microchannels 
of width, w and period, P. Let material 1 be the solid substrate material and 
material 2 be air. The Cassie-Baxter equation (Eq. (2.16)), applied the usual 
way across the whole surface, gives f1 = w/P which leads to the prediction of 
an isotropic droplet with a contact angle of w/P (cos +1)-1 all around. 
Applying the Cassie-Baxter equation to the triple phase contact line, however, 
gives a predicted contact angle of 180° for wetting perpendicular to the 
microchannels and w/P (cos +1)-1 for wetting parallel to the microchannels.  
This is because, for wetting perpendicular to the microchannels, the 
droplet edge is pinned on top of a microgroove and needs to get past a space of 
P - w before it can reach the next microgroove (Figures 2-3d and 2-3e). 
Therefore, locally, the fraction of solid substrate beyond the edge of the 
contact line is zero (i.e. f1 = 0), and the fraction of air beyond the contact line 
is one (i.e. f2 = 1). Substituting f1 and f2 into the Cassie-Baxter equation then 
yields 180°. Similarly, by considering the solid and air fraction along the triple 
phase contact line for wetting parallel to the microgrooves, it can be seen that 
f1 = w/P and since f2 = 1 - f1, the predicted contact angle is w/P (cos +1)-1. 
Studies have shown that by applying the Cassie-Baxter equation to the triple 
phase contact line, better predictions of the contact angle can be obtained6. 
 Similarly, for the Wenzel state, it has been suggested that the relevant 
equation is only applicable for the roughness in the vicinity of the triple phase 
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contact line4. Unlike the case with the Cassie-Baxter equation, however, 
experimental measurements have conclusively proven this hypothesis to be 
invalid7. Instead, it was proposed that A and R for the Wenzel state is 
determined by the slope of the structures causing the surface roughness14,15. In 
other words,  
A         (2.19) 
and 
R    ,     (2.20) 
where  refers to the maximum slope of the structures. Using Figure 2-5 as an 
example,  = 90° and therefore, A =  + 90° and R =  - 90°. While Eq. 
(2.19) has been shown to work reasonably well for microgrooves with a high 
aspect ratio sinusoidal cross-section, in most other cases, such as 
microgrooves with low aspect ratio sinusoidal cross-section14 and micropillars 
with vertical sidewalls7, it fails to describe the observed A values with 
accuracy. As for Eq. (2.20), there is currently no experimental data supporting 
its validity. Thus, as of the writing of this thesis, there is still no formula 
available that can accurately predict A and R over a wide range of conditions 
for droplets in the Wenzel state.  
 Lastly, it is worth noting that despite the complications that arise with 
contact line pinning, the equations derived in section 2.4.1 can still be useful. 
Choi et al. have shown that if sufficient external energy is given to the droplet, 
for instance, in the form of mechanical vibrations, the droplet can overcome 
contact line pinning, escaping metastable shapes and approaching the 




2.4.3 Thermodynamic Condition for 2D Wicking 
 In this section, we shall establish the thermodynamic requirements for 
a rough surface to induce 2D wicking such as that seen in Figure 2-2c. Let us 
start by considering a nanostructured surface with roughness, r. The intrinsic 
contact angle of the substrate material is . When the wicking film imbibes the 
roughness, it wets the side of the nanostructures but not the top i.e. the liquid 
level of the wicking film rises only to the same level as the height of the 
nanostructures. The fraction of the surface that is not wetted is represented by 
s.  
When the wicking film imbibes one unit of the periodic nanostructures, 
the free energy released from the solid-vapour interface that is eliminated is 
γSV(r-s)A (the symbols here have the same meaning as those used in section 
2.4.1). At the same time, the free energy of the system is raised by γSL(r-s)A + 
γ(1-s)A due to the formation of a new solid-liquid interface and liquid surface. 
The total capillary energy released, E, can therefore be expressed as  
    1SV SL s sE r A A          .   (2.21) 
The symbols in Eq. (2.21) have the same meaning as those used in section 
2.4.1. Eq. (2.21) can be derived by noting that the energy released from 
surfaces/ interfaces eliminated must equal  
 For spontaneous imbibition of the nanostructures to take place, E  > 










.    (2.22) 
23 
 
As can be seen from Eq. (2.22), when the geometry of the nanostructures 
causes the critical angle, c, to be sufficiently large so that c > , 2D wicking 
will take place. 
 
2.5 Kinetics of Wetting  
 Although the thermodynamic description of the interaction of a droplet 
with a surface provides important information on the kinds of droplet shapes 
that are possible with a particular combination of materials, the kinetics of 
wetting determines the exact wetting behaviour and time taken to reach those 
shapes and thus, have direct consequences for the operation of devices. 
Therefore, a detailed understanding of the kinetics of wetting is necessary, so 
that together with the thermodynamic principles, functional surfaces that can 
precisely control wetting behaviours can be engineered.  
 
2.5.1 Capillary-Inertia Regime 
 
Figure 2-6: Water droplets spreading on a flat, smooth surface ( = 43°)16. 
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 It has been found that the earliest stage of wetting right after a droplet 
contacts a surface is one that is dominated by a balance between capillary 
forces and inertia forces. Figure 2-6 shows the wetting process in this 
capillary-inertia regime, with a capillary wave moving from the point of 
contact to the rest of the droplet. To find the parameters that control the rate of 
wetting on a flat surface ( = 0°) in this regime, we begin by noting that the 
surface tension force, F, is proportional to the surface tension of the liquid, γ, 
and radius of the droplet-substrate contact area, a. In other words,    
F a .    (2.23) 





 ,    (2.24) 
where  is the density of the liquid and R is the radius of the droplet before 
deposition. Using Newton’s second law, 
4dmv d daF a
dt R dt dt
  
   
 
,   (2.25) 
and integrating, it can be found that  
1 1








 .    (2.27) 
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 Thus, it can be seen that a scales with t1/2 and is influenced by , γ and 
R. The smaller  is and the larger γ is, the faster the rate of wetting will be. 
This makes sense as a less dense droplet is expected to have higher mobility 
and a greater capillary force translates to a higher driving force for wetting.  
 While Eq. (2.27) has been shown to work very well for fully wetting 
surfaces ( = 0°), it is less effective in describing partially wetting surfaces 










 ,   (2.28) 
where C is a proportionality constant. Both C and  were observed to fall for 
increasingly hydrophobic substrates (i.e. increasing ). Importantly,  
approaches a value of 0.5 as  approaches 0°, returning Eq. (2.28) to Eq. 
(2.26). Thus, Eq. (2.28) appears to be the generalized version of Eq. (2.26). 
Investigations into why wetting rates on partially wetting substrates adopt the 
form in Eq. (2.28) are still ongoing. 
 
2.5.2 Capillary-Viscous Regime 
 The capillary-inertia regime of wetting is immediately followed by the 
capillary-viscous regime16. At this stage, viscous force, which is energy 
dissipation caused by fluid flowing (can be thought of as friction between 
liquid layers moving at different paces), has supplanted inertia force as the 
dominant retardation force against wetting. To describe the wetting rate on a 
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flat substrate ( = 0°) in this regime, we follow the original derivation of the 
famous Tanner’s law by first considering the edge of a droplet shown in 
Figure 2-7. 
 
Figure 2-7: Schematic illustration of a droplet edge moving to the left18. 
 Figure 2-7 shows a droplet edge moving to the left. The profile of the 
droplet edge is assumed to be a right-angle triangle and the profile does not 
change during the droplet spreading process. By observing the relative motion 
of the substrate and the contact line, it can be seen that the contact line can be 
taken as stationary and the substrate as moving to the right.  





  ,    (2.29) 
where P refers to the pressure driving the flow, µ refers to viscosity of the 
fluid and U refers to the speed of movement of the substrate relative to the 
contact line, and noting the boundary conditions (U = 0 at y = 0 and du/dy = 0 
at y = ys), the volume flow per unit length in the z-axis, Q, can be obtained by 







   ..    (2.30) 
The mean velocity at which the droplet edge is moving can be found as U = Q/ 





  .     (2.31) 
Eq. (2.31) is also known as Poiseuille’s flow which describes the mean rate of 
flow of a fluid past a horizontal plate. 








 and assuming 
dys/dx is small, the curvature is approximately by d
2ys/dx
2. The corresponding 
Laplace pressure is then - (d2ys/dx2), where  is a constant related to the 
surface tension, γ. Hence,  
2 3
2 3
s sd y d ydP d
dx dx dx dx
 
 
    
 
.   (2.32) 
Substituting Eq. (2.32) into (2.31), the surface profile of the droplet at the edge 











    .    (2.33) 




  ,     (2.34) 
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where H refers to the height of the droplet. Eq. (2.30) is only valid for H/a << 
1. Now, if  is related to time in such a way that 
1
nt
  ,     (2.35) 
where n is a constant, and noting that the volume of the droplet, V  Ha2, is 










    .    (2.36) 
Combining Eq. (2.35) and (2.36), 
3
n
a t  .     (2.37) 








  .    (2.38) 











  .    (2.39) 
Comparing the indices of t, it can be seen that n = 0.3 and from Eq. (2.37), the 
well-known Tanner’s relation, a  t0.1 is obtained.  
While Tanner’s law has been observed to hold up in many droplet 
spreading experiments over the years, it is nevertheless limited in the sense 
that other than the variable of time, it does not provide any information about 
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the dependence of the wetting rate on other parameters. Therefore, an 
alternative derivation may be more useful19.  
Consider the surface tension force acting on the contact line. In the 
case where a droplet has not yet reached its equilibrium contact angle, , the 
force per unit length, f, on the droplet edge is related to its instantaneous 
contact angle, i, in the following way19, 
 cos cos if     .     (2.40) 
The viscous forces resisting wetting, which must be equal to the driving force, 
f, is proportional to µU/i 20. Therefore, 
 2 2 3i i iU
 
   
 
       (2.41) 
for small  and i. Conservation of droplet volume dictates that  
3 3
ia R       (2.42) 











 ,    (2.43) 
which is essentially Tanner’s law. From Eq. (2.43), if γ is large and µ is small, 
the wetting rate is faster. Again, this is to be expected since the driving force is 
capillary and the retarding force is due to viscosity. The most interesting 
insight from Eq. (2.43), however, is that the wetting rate in the capillary-
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viscous regime for a flat substrate is significantly more dependent on the 
physical attribute of the droplet (R) rather than its chemistry (γ, µ). 
 
2.5.3 Transition from the Capillary-Inertia Regime to the 
Capillary-Viscous Regime 
To find the point in time, , where the capillary-inertia regime crosses 











    (2.44) 
As with the wetting rate in the capillary-viscous regime, the physical size of 
the droplet plays a more important role in determining  than the type of liquid 
the droplet is composed of. Other than the parameters shown in Eq. (2.44), 
experimental evidence for partially wetting substrates ( > 0°) has shown that 
 is also inversely related to . The term 
3R

, which also appeared in Eq. 
(2.27) has been extracted from the expression as it is analogous to the period 
of a mass oscillating in simple harmonic motion, with the mass being that of 




the role of a time constant in Eq. (2.27) and Eq. (2.44). Typical values of 
3/ /R   for water droplets range from about 10 – 100 16. Actual values of 
 are usually very much shorter than the entire wetting duration (≈ 0.1%), 
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meaning that the majority of the droplet spreading process in spent in the 
capillary-viscous regime. 
 
2.5.4 Rate of 2D Wicking 
To find the imbibition rate of the wicking film for a droplet spreading 
in the 2D wicking state, we first note that the volume of fluid in a unit cell of 
nanostructures is V = (1-s)h where h is the height of the nanostructures. The 













.    (2.45) 
The expression for E, the capillary energy released per unit cell of 
nanostructures can be found in Eq. (2.21). This capillary pressure is 
responsible for driving the imbibition and assuming the flow of the wicking 
film past the nanostructures can be approximated as Poiseuille’s flow (Eq. 






 ,     (2.46) 
where µ represents the viscosity of the fluid,  represents the factor by which 
the Poiseuille’s velocity is reduced due to the presence of nanostructures and a 
is the radius of the wicking film. 
Unlike the case of a pipe flow where every da section will experience a 
fall of pressure dP during the flow, the flow of a wicking film on a surface is 
such that the capillary pressure gained by the system for wetting a distance of 
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da shared by the entire wicking film. Therefore, in such a case, dP/da = P/a. 















.    (2.47) 
 Therefore, a scales with t1/2 and the imbibition rate (da/dt) scales with 
t-1/2 so that the spread of the wicking film slows down over time. Comparing 
this imbibition rate with droplet spreading, it can be seen that the scaling law 
is the same for wetting in the capillary-inertia regime ( = 0°) but is much 
faster than the droplet spreading rate in the capillary-viscous regime. Eq. (2.47) 
will be revisited in Chapter 5. 
 
2.5.5 Uniaxial Wetting 
 There are several simple ways of making fluid flow in the desired 
directions during wetting. For instance, a scratch can be made on a surface and 
when a droplet is deposited with one end in contact with the scratch, wetting 
will occur in all directions except for the one perpendicular to the scratch. 
However, the surfaces that are of interest here are those that can cause the 
exact same droplet spreading behaviour regardless of where the droplet is 
deposited. The surface with a single scratch mark, therefore, does not qualify, 
as droplets exhibit different behaviours depending on the location of 
deposition relative to the scratch. 
 Nevertheless, the strategy to direct wetting using functional surfaces is 
the same; by creating uniform topographical or chemical heterogeneity on a 
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surface, the contact line of droplets can be pinned in certain directions so that 
wetting only occurs in the other directions. Microstructures and nanostructures 
are particularly effective in accomplishing this and because useful droplet radii 
are at least of the size of hundreds of microns (effects of evaporation in 
ambient become significant if the droplet is any smaller), a surface decorated 
with these tiny structures will still appear uniform to a droplet. Thus, its 
wetting behaviour will be the same regardless of the location of deposition.  
 One of the most frequently used micro-/nano-structures is the 
groove/channel shape. This is basically the same as shrinking the 
aforementioned scratch to a tiny size and multiplying them so that they cover 
the entire surface. When a droplet is deposited on such a surface, wetting is 
reduced in the axis perpendicular to the microchannels (X-axis) so that the 
droplet appears elongated (Figure 2-8a).  
 
Figure 2-8: (a) A water droplet spreading anisotropically on PDMS 
microchannels14. (b) Schematic diagram showing contact line pinning as the 
droplet edge moves from hydrophilic SiO2 (gray) strip to hydrophobic PFDTS 
strip (orange). 
There are several ways of fabricating such microchannels. The 
simplest way is to use photolithography to generate a periodic microchannel 
pattern and then transfer the pattern onto the substrate through deposition of an 
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additional material or by etching into the substrate. For instance, in the case of 
a Si substrate, pattern transfer can take place using CF4 RIE (reactive ion 
etching)6 or by the deposition of a fluoroalkylsilane (PFDTS) self-assembled 
monolayer14. Note that in the latter case, the deposition of a monolayer means 
that the height of the microchannel is negligible. Instead, contact line pinning 
for wetting in the X-axis (with reference to Figure 2-8a) takes place because of 
a lowering of substrate surface energy in the hydrophobic PFDTS stripes, 
which requires the microscopic contact angle to increase before the contact 
line can advance from the hydrophilic SiO2 stripe to the PFDTS stripe (Figure 
2-8b). This is similar to the requirement for the contact line to advance from 
one microchannel to the next (Figure 2-5). Thus, contact line pinning is 
achieved using chemical heterogeneity rather than topographical heterogeneity 
in this example.  
An alternative to using photolithography is to create uniaxial 
compressive stress on the surface of a substrate so that surface buckling occurs 
to relieve the mechanical stress. The buckled surface takes the form of an 
array of parallel microchannels. Figure 2-8a shows an example of PDMS 
(polydimethylsiloxane) microchannels fabricated using this method. It is 
worth noting, however, that the microchannels formed this way tend to have a 
sinusoidal cross-section as opposed to a square wave cross-section which is 




2.5.6 Directional Wetting 
 
Figure 2-9: (a) Top view of unidirectional wetting on bent Si nanopillars21. (b) 
Bent polymer (PUA) nanopillars22. (c) Bent Si nanopillars21. (d) Slanted 
polymer (Parylene) nanopillars23. 
Recently, researchers have found that by biomimicking the slanted 
hairs on the legs of water striders, wetting can be made unidirectional (Figure 
2-9a). Bent nanopillars can be fabricated on PUA (polyurethane acrylate) 
polymer by irradiating the nanoimprinted nanopillars at an oblique angle with 
electrons (Figure 2-9b). This causes one side of the nanopillars to decompose 
and shrink, which in turn, causes bending. Similarly, bent Si micropillars can 
be made by thermally evaporating thick layers (≈ 300nm) of Au film at an 
oblique angle onto high aspect ratio Si micropillars fabricated with 
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photolithography and RIE (Figure 2-9c). The difference in thermal coefficient 
of expansion of Au and Si causes mechanical stresses to develop on one side 
of the micropillars during the deposition process, and as a result, the Si 
micropillars become bent. In addition, it has been shown that low pressure 
vapor deposition of Parylene (poly(p-xylylene)) onto Si substrates at an 
oblique angle can generate slanted polymeric nanopillars such as those shown 
in (Figure 2-9d). In all of the above cases, it was found that there is a lower 
resistance to wetting in the direction toward which the nanopillars are slanted/ 
bent. 
 
2.5.7 Directional Wicking 
Around the same time that researchers demonstrated that unidirectional 
droplet spreading can be obtained with bent/slanted nanopillars, Jokinen et al. 
showed, using a rectangular array of micro-triangles (Figure 2-10a), that 
wicking can be made directional too24. Photolithographic techniques were 
employed to fabricate the micro-triangles which were oriented like arrowheads 
such that a sharp tip faces one direction and the side of the triangle opposite 
the tip faces the opposite direction. It was found that wicking proceeds 
preferentially in the direction of the blunt tip. A recent study25 has attributed 
this observation to the contour of the wetting front which is dependent on the 
shape of the microstructures and the intrinsic contact angle of the substrate 
material,  (Figure 2-10b). If the contour is concave with respect to the 
wicking direction, the internal pressure of the wetted region is greater than that 
in the dry region and the resultant Laplace pressure will advance the wicking 
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front. Conversely, if the contour is convex, the resultant Laplace pressure will 




Figure 2-10: (a) Directional wicking on microtriangles24. (b) Schematic 
diagrams from the top view showing how the shape of the wicking front can 




2.6 Characterization of Wetting 
2.6.1 Sessile Drop Technique 
 
Figure 2-11: (a) Schematic diagram of setup used to measure the contact angle 
of a sessile drop on a surface. (b) Image of a droplet on a flat surface of 
Polystyrene ( = 83.5°). 
 To obtain the contact angle a droplet makes with a surface, the most 
common method is to use the sessile drop technique. A typical arrangement is 
shown in Figure 2-11a. A light source is placed opposite a camera with the 
subject of interest in the middle. A syringe, which is fixed in position, is used 
to dispense a droplet of desired volume, typically between 1µl - 6µl. At these 
volumes, the droplet is not heavy enough to detach from the syringe needle but 
instead, will hang in mid-air. The substrate is then placed on a movable stage 
which delivers it upwards until it contacts the droplet which then wets the 
surface. At the end of the wetting process, the camera captures the image of 
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the droplet at rest and the contact angle,  (for a smooth surface) or * (for a 
rough surface), is measured (Figure 2-11b).  
 
Figure 2-12: Schematic diagram illustrating how the sessile drop technique is 
used to measure (a) the advancing contact angle and (b) the receding contact 
angle. 
 The setup shown in Figure 2-11a can also be used to determine the 
advancing contact angle, a, and the receding contact angle, r, as illustrated in 
Figure 2-12. . To find a, a certain volume of droplet, is first deposited onto 
the substrate. Without removing the syringe from the droplet, incremental 
volumes of the liquid are added to the droplet. If the triple phase contact line 
of the droplet is subjected to some form of pinning, the liquid-solid contact 
area remains the same and as a result, the droplet will bulge and the contact 
angle observed will get increasingly greater. This continues until a is reached, 
which can be identified when the triple phase contact line suddenly moves 
outwards (Figure 2-12a). Therefore, a, is essentially the minimum contact 
angle required to advance the contact line and is usually greater than the 
intrinsic contact angle, . Similarly, the receding contact angle, r, can be 
found by retracting incremental volumes of fluid from the droplet until the 




2.6.2 Wilhelmy Plate Method 
 
Figure 2-13: Schematic diagrams illustrating the concept of the Wilhelmy 
plate method. (a) The advancing angle is measured by inserting the substrate 
into a bath at constant speed. (b) The receding contact angle is measured by 
retracting the substrate from the bath at constant speed. 
 An alternative to the sessile drop technique is the Wilhelmy plate 
method. The setup of this method is almost exactly the same as that used to 
prepare Langmuir-Blodgett films. In brief, the substrate of interest is inserted 
into a liquid bath at constant velocity to obtain a in the manner shown in 
Figure 2-13a. Conversely, retracting the substrate at a constant velocity will 
enable r to be measured (Figure 2-13b). The intrinsic contact angle, , can 
also be measured by holding the substrate, which is to be partially immersed in 
the liquid, stationary. 
 Compared to the sessile drop technique, the Wilhelmy plate setup is 
advantageous in that a tensiometer or microbalance can be easily integrated 
with the setup to provide surface tension force measurements. Knowing the 
force associated with inserting and retracting the substrate, F, the wetted 
perimeter, L, and surface tension of the substrate, γ, the advancing and 
receding contact angles can be calculated as 
41 
 





  .    (2.48) 
 Thus, the values of a and r obtained using the Wilhelmy plate 
method are more reliable than those obtained using the sessile drop technique 
as the latter depends on subjective visual inspections of when the triple phase 
contact line moves in order to determine a and r. In addition, the contact 
angles obtained using the Wilhelmy plate method is averaged across the whole 
substrate area whereas the sessile drop technique gives contact angles 
averaged over smaller surface areas26. Consequently, the sessile drop 
technique requires tests to be conducted at different locations of the surface to 
obtain a more comprehensive measurement of its surface energy.  
 The major disadvantage of the Wilhelmy plate method, however, is 
that the surface of interest must be present on both sides of the substrate that is 
to be immersed into the bath. This can be difficult for nanostructured surfaces 
as current nanofabrication methods tend to favour synthesis of nanostructures 
only on one side of a substrate. For this reason, the Wilhelmy plate method 
was not used to characterize the surface energy of the various nanostructured 




2.6.3 Sliding Droplet Method 
 
Figure 2-14: Schematic diagram illustrating the concept of the sliding droplet 
method. A droplet on a surface is tilted at incremental angles until the point 
where it begins to slide down the slope. 
 Perhaps the simplest setup that can be used to measure contact angles 
is that of the sliding droplet method. As can be seen from the schematic 
illustration in Figure 2-14, a droplet deposited onto a substrate is tilted at an 
angle which is increased until it reaches , the point where the droplet starts to 
slide i.e. the triple phase contact line starts to move. a and r can then be 
measured as shown. 
 The biggest criticism of this method, however, is the relatively low 
reproducibility of the measurements and the observed strong dependence of 
the results on the location of examination on the surface26. Therefore, the 
sliding drop method is usually passed over for the sessile drop technique and 
Wilhelmy plate method. 
 Nevertheless, the sliding droplet method remains useful as the sliding 
angle, , provides important information regarding the adhesion strength of 
the droplet to the surface which is equivalent to Vgsin.  refers to the 
density of the fluid, V  refers to the volume of the droplet and g refers to the 
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gravitational acceleration. The characterization of such interfacial adhesion 
strength is important in certain contexts such as elucidating the difference 
between a lotus leaf-like surface (superhydrophobic with low adhesion 




In this chapter, the fundamental principles governing the 
thermodynamics and kinetics of the wetting process on both homogeneous and 
non-homogeneous surfaces have been reviewed. In addition, the various 
methods commonly used to measure the wettability of a surface were also 
presented.  
 Based on the discussion above, it is clear that compared to the other 
states of wetting, the characteristics of the 2D wicking state is not as well 
studied, especially for nanostructures with either chemical or structural 
anisotropy. Moreover, while there is much literature for wetting on rough, 
chemically homogeneous surfaces (Wenzel state) and flat, chemically 
inhomogeneous surfaces (Cassie-Baxter state), there are limited studies 
focused on surfaces that are both rough and chemically inhomogeneous. In the 
following chapters, these aspects of wetting shall be explored in detail in order 
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Fabrication of Nanostructures  
 
3.1 Introduction 
The fabrication of nanostructures can generally be divided into two 
independent steps - pattern generation and pattern transfer. There is a great 
variety of methods to choose from for both processes, including colloidal self-
assembly, optical lithography, electron beam lithography and block copolymer 
lithography for pattern generation and reactive ion etching, wet etching, 
electroplating and chemical vapour deposition for pattern transfer, just to 
name a few. The choice of nanoscale pattern generation method usually 
depends on the requirements imposed on the dimensions of the nanostructures, 
extent of ordering, size of the sample and complexity of the pattern. For 
pattern transfer, the methods to be employed require additional considerations 
which include the chemistry of the functional material the pattern is to be 
transferred to, the uniformity of the transfer process and the aspect ratio of the 
nanostructures.  For our studies, we have made use of interference lithography 
(IL) with a Lloyd’s mirror setup for pattern generation, metal assisted 
chemical etching for pattern transfer onto Si substrates and O2/CF4 plasma 
etching for pattern transfer onto polystyrene substrates. The reasons for this 




3.2 Interference Lithography with Lloyd’s 
Mirror Setup  
Interference lithography, sometimes referred to as holographic 
lithography1, is a common pattern generation technique that has been used to 
produce nanoscale patterns for metamaterials2, photonic crystals3, plasmonics4, 
nanofluidics5, biomaterials6 and directed self-assembly of colloidal 
nanoparticles7. There are many kinds of setups available1 (e.g. Mach-Zehnder 
mode, three-beam arrangement, seven beam prism arrangement etc.) but our 
focus here shall be on the relatively simple Lloyd’s mirror setup which was 
used in all of the following studies. Figure 3-1 demonstrates the working 
principle. 
 
Figure 3-15: Schematic diagram illustrating the working principle of 
interference lithography with Lloyd’s mirror setup. The blue triangles indicate 
the path of the beams. The light orange areas in the photoresist represent the 
bright strips of the interference pattern. 
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 In the Lloyd’s mirror setup, a monochromatic laser beam is expanded 
by optical lenses and directed towards a mirror which is held at right angle to 
the substrate of interest. The substrate is tilted at an adjustable angle, , and as 
a result, part of the beam falls directly onto the substrate surface and the other 
part is reflected off the mirror onto the substrate surface. These two beams 
interfere to produce a series of periodic bright and dark fringes whose intensity 
have a sin2x dependence, with the maximum intensity occurring in the middle 
of the bright fringe and minimum intensity occurring in the middle of the dark 
fringe. The alternating pattern of bright and dark fringes are then recorded by 
chemical changes in the photoresist coating on the substrate. After the 
substrate has been removed from the setup, the periodic strips can be 
reproduced in the photoresist using a developer, which selectively dissolves 
the photoresist exposed to the bright strips. For a given photo-sensitivity of the 
photoresist, the width of the photoresist strips with respect to the space 
between them after development is dependent on the time of exposure to the 
fringes because of their sin2x intensity modulation.  
 The period of the strips, P, can be calculated in the following way. 
First, consider the path difference between the reflected and non-reflected ray 
for the solid lines in Figure 3-1. For bright fringes,  
 1 cos 2c n   ,     (3.1) 
where n is an integer and  is the wavelength of the laser beam. Similarly, for 
the dashed lines, 
   1 cos 2 1d n    .    (3.2) 
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Combining Eq. (3.1) and Eq. (3.2) and using the geometry of Figure 3-1, it can 
be shown that  
22sin
d c f g


    .    (3.3) 
Furthermore, the geometry also reveals that 
 sinP f g   .    (3.4) 





 .     (3.5) 
 From Eq. (3.5), it can be seen that the period of the fringes can be 
reduced with increasing , up to a theoretical limit of P = /2. To decrease the 
period further than this limit, a laser with a lower wavelength is required. 
Currently, the state-of-the-art technology employs extreme ultraviolet light to 
produce sub-20nm periods8. For the following studies, however, UV light with 
a wavelength of 365nm is used instead, and the nanostructures are typically 
fabricated with periods ranging from 400nm to 1µm. 
 There are several advantages to the use of IL over other patterning 
techniques. Firstly, sub-micron features can be produced over large areas (up 
to a square meter1). This is important as droplet spreading experiments require 
substrate areas of at least a few square millimetres to obtain useful results. In 
addition, the patterning follows a parallel processing route as opposed to a 
serial processing route, such as electron beam lithography, which translates to 
significant savings in time and cost of the experiments. Secondly, the patterns 
produced by IL have long-range order, unlike those found in block copolymer 
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lithography, anodic aluminium oxide pores or colloidal self-assembly. This 
ensures that the results of the wetting experiments will not be influenced by 
the trapping of the contact line at pattern defects. Lastly, there are no 
requirements for optical masks for this technique and thus, the periods of the 
patterns can be easily changed. 
 On the other hand, there are disadvantages to IL too. One of these is 
the limitations in the pattern design. For instance, with the Lloyd’s mirror 
setup, the only interference pattern that can be produced is the periodic strips. 
Therefore, only 1D periodic gratings, 2D dots/ holes (two different exposures 
at right angle to each other) and 2D ellipses (two different exposures at less 
than right angle to each other) can be reliably patterned (Figure 3-2). 
Moreover, the footprint of an IL machine can be quite large as the required 
distance between the laser source to the mirror is approximately one metre. 
These shortcomings are, however, not major concerns for the experiments 




Figure 3-2: Types of nanoscale patterns that can be obtained with interference 
lithography and Lloyd’s mirror setup. Blue strips represent the bright fringes 
of the interference pattern. (a) Single exposure to the interference pattern 
yields 1D gratings. (b) Two exposures at an angle less than 90° to each other 
yields a hexagonal array of ellipses. (c) Two exposures at 90° to each other 
yields a square array of dots.  
 
3.3 Metal Assisted Chemical Etching 
Metal assisted chemical etching (MACE) is a relatively new pattern 
transfer technique that is often used to fabricate high aspect ratio 
nanostructures on Si and III-V substrates (e.g. GaN)9–12. These nanostructures 
have been shown to give improved performance in photovoltaic13 and optical 




The MACE process typically starts with the deposition of noble metal 
nanoparticles or films (e.g. Au, Pt, Ag) onto a Si substrate.  Such films are 
usually patterned to create arrays of holes, trenches or other micro-/ nanoscale 
features. The substrate, together with the metal coating, is then immersed in a 
chemical solution that includes HF and an oxidant (e.g. H2O2, O2, AgNO3 etc.), 
which causes dissolution of the substrate material. This dissolution can be 
made highly localized such that only the substrate material directly underneath 
the metal catalyst is removed. As the metal catalyst moves down to occupy the 
space vacated by the etched substrate material, the substrate is carved into 
shapes defined by the shapes of the catalyst particles or the patterned catalyst 
film.   
 
Figure 3-3: Schematic diagrams showing the MACE process on a Si 
substrate19. Au is the noble metal catalyst. The cathodic reaction (*) takes 
place on the surface of the gold while the anodic reaction (#) takes place on 
the silicon surface. Red arrows indicate the transfer of h+ from the cathode to 
the anode/solution interface. 
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It is generally accepted that MACE essentially operates like an 
electrochemical cell, with the noble metal coating acting as a cathode, Si 
acting as the anode, and the etching solution acting as the electrolyte. Figure 
3-3 shows a series of schematic diagrams describing the process10.  
The oxidant, H2O2 in this case, is catalytically reduced by the noble 
metal (Au) and the resultant hole current is injected into the adjacent Si which 
reacts with HF to form a soluble compound. This causes the Si underneath the 
Au catalyst, up to depth of s, to be removed over time. The Au catalyst then 
moves through a distance of s in the etching solution under the influence of an 
attractive force between the Au and Si surfaces. A recent study19 has shown 
that this attractive force is caused by the van der Waals’ attraction between the 
metal catalyst and substrate, as opposed to the commonly assumed self-
electrophoretic action of the metal catalyst. The entire process repeats itself 
when the Au catalyst re-establishes contact with the Si substrate.  
It is worth noting that the Au catalyst appears to be momentarily 
separated from the Si in the process shown in Fig. 3-3. However, since s was 
found to be in the order of 1nm, and the time taken for the catalyst to move 
through s is in the order of 10-10s, the Au catalyst can effectively be thought of 
as adhering to the Si substrate all the time.  
In this way, the metal catalyst bores through the Si, and because s 
tends to be very small relative to the lateral dimensions of the catalyst, high 
aspect ratio trenches or nanowires with almost vertical sidewalls can be 




Cathode: H2O2 + 2H
+  2H2O + 2h+ 
Anode: Si + 6HF + nh+  H2SiF6 + nH+ + [(4-n)/2] H2↑, 
where 2 ≤ n ≤ 4 in the anodic equation. Note that the anodic reaction takes into 
account the fact that both divalent (1 Si atom requires 2 h+ to dissolve) and 
tetravalent (1 Si atom requires 4 h+ to dissolve) dissolution of Si are possible 
and both may occur simultaneously during MACE. Thus, n essentially reflects 
the average number of holes required for a single atom of Si to dissolve.   
 
Figure 3-4: Si nanowires fabricated on lightly doped p-type wafer using Ag 
nanoparticles20. 
 
 The main advantage of MACE is its simplicity, relative low cost, and 
ability to generate high aspect ratio nanostructures with very good dimensional 
fidelity with respect to the original metal mask features. On the other hand, the 
technique is very sensitive to impurities trapped between the Si and metal 
catalyst. For instance, if there is any residual photoresist left on the Si before 
the metal catalyst is deposited onto the Si surface, the entire MACE process 
will fail and no etching will be observed. Moreover, the evolution of H2 
bubbles which tend to stick to the sample surface during the MACE process, 
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may affect the uniformity of etching as access to the etching solution can be 
suddenly cut off for the areas under the bubbles. Shaking the sample 
vigorously during MACE can help to circumvent this issue though. Lastly, 
MACE of heavily doped semiconductor substrates tends to lead to highly 
porous nanostructures with very rough surfaces21. This is undesirable for our 
experiments as significant roughness on the nanostructure surfaces will distort 
the wetting results and compound the complexity of analysis and calculations. 
For this reason, MACE was performed only on lightly doped Si substrates for 





3.4 Low Power O2/CF4 Plasma Etching 
3.4.1 Introduction 
Polymeric nanostructures have raised great research interest in  
photonics22,23, micro-/nano-fluidics24 and biology6,25 due to their unique 
combinations of thermal, electrical, mechanical, optical and biocompatible 
properties with low cost and ease of processing. Currently, the most popular 
method of fabricating polymeric nanostructures is nanoimprinting, which 
offers the advantages of simplicity, large area processing and unperturbed 
chemistry of the polymer.  However, this technique suffers from drawbacks 
such as high cost of molds, limited life of release coatings, inflexibility (a 
single mold cannot produce different sidewall profiles or switch between 
global and local pattern transfer) and possible loss of pattern fidelity due to 
thermal expansion coefficient mismatch between the mold and polymer26. In 
contrast, low power plasma etching, combined with a flexible maskless 
patterning technique such as laser interference lithography, avoids such issues 
and offers an alternative method for fabricating large areas of polymeric 
nanostructures in a cost-effective manner. This approach also has the 
advantage of combining nanostructure formation and chemical 
functionalization of the nanostructure surfaces in a single step.  
Although the use of plasmas in polymer etching is not new, previous 
efforts have mostly relied only on the physical bombardment of ions at high rf 
power/external bias (i.e. reactive ion etching) to obtain nanostructures with 
anisotropic sidewalls27,28. This method generates a significant amount of heat 
as compared to low power plasma etching and thus, is incompatible with the 
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majority of commercial polymers which possess relatively low softening 
temperatures or melting points.  
In this study, we investigated how the CF4/O2 plasma composition 
could be manipulated to impart anisotropy to plasma etching so as to produce 
dense arrays of high aspect ratio nanostructures in polystyrene surfaces. We 
also showed that imperfect anisotropy of plasma etching can be exploited to 
further improve the height of nanostructures through a new patterning 
technique we refer to as stitch etching. The versatility of this fabrication 
method was then investigated with a variety of polymers including Kapton 
polyimide, polypropylene and polyethylene terephthalate (PET). Finally, 
polystyrene nanostructures fabricated with low power plasma etching were 
evaluated for superhydrophobic applications.  
 
3.4.2 Experimental Procedure 
 
Commercial Polystyrene (PS) compact disc protective case covers, 
Polypropylene (PP) file covers, 3M Kapton® Polyimide tape #5413 (PI) and 
Polyethylene Terephthalate (PET) transparencies were used in this study to 
fabricate nanogrooves, nanopillars and nanofins. The surface roughness of 
these polymers is approximately 10nm-30nm while long distance (over 500μm) 




Figure 3-5: Schematic diagrams describing the process flow for the fabrication 
of polymeric nanostructures using low power CF4/O2 plasma etching.  
 
 The polymers were cleaned with 2-Propanol and rinsed with de-
ionized (DI) water.  Figure 3-5 summarizes the process flow for the 
fabrication of the polymeric nanostructures. A 7nm layer of 99.9% pure Ni 
was thermally evaporated onto the PS substrate to act as an adhesion layer for 
photoresist. After dicing the PS substrates into 1cm x 1cm samples, 1μm of 
photoresist (Ultra-i-123) was spin coated onto each sample and IL was 
performed with the Lloyd’s mirror setup29 using a He-Cd laser (λ=325nm). 
Nanogrooves were patterned with a single exposure while nanopillars were 
patterned with two exposures at right angles to each other. Nanofins, which 
are effectively nanopillars with an elliptical cross-section rather than a circular 
one, were also patterned with a double exposure, with the second exposure at 
an in-plane angle between 0° and 90° with respect to the first exposure. 
Nanostructures were fabricated with a constant period of 630nm for all 
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samples in this study, unless stated otherwise. For nanostructures to be 
patterned on specific areas on the substrate, an additional exposure of the 
photoresist using conventional photolithography and an optical mask can be 
carried out. After development of the photoresist, selective wet etching of the 
Ni layer was performed.  A layer of 99.9% pure Al (40 nm) was then 
thermally evaporated onto the samples and selective wet etching of the 
photoresist and remaining Ni leaves behind an Al layer with an inverse pattern 
on the PS substrate.  
Plasma etching of polymer samples was performed at room 
temperature with an rf power of 40W (at 13.56 MHz), a chamber pressure of 
0.04 Torr and a total flow rate of CF4 and O2 fixed at 10 sccm. The sample 
was placed at the anode which is grounded and had a diameter of 28cm 
(cathode diameter is 22cm) and no external dc bias was applied. After plasma 
etching, Al and any deposited polymers were removed from the samples with 
the commercial etchant Microposit MF CD-26.  
To measure etch rates, half of each plain PS sample (1cm x 1cm) was 
covered with 3M Kapton® Polyimide tape (#5413) and subjected to the 
desired etching process for 5-10 minutes. After that, the tape was removed and 
5 readings from each sample were taken with an Alpha Step 500 (Tencor 
Instruments) surface profiler to determine the height difference between the 
covered and exposed regions of the substrate. The samples were then 
immersed in the Microposit MF CD-26 developer for 5 minutes to remove any 
plasma deposited polymer layers. After drying with a nitrogen air-gun, another 
5 readings were taken. The difference between the first and second set of 
readings then gave the thickness of the deposited polymer, if any. A paired, 
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two-tailed student’s t-test was also carried out to ensure that the difference 
between the 2 sets of readings was statistically significant (p < 0.01).    
For the scanning electron micrograph (SEM) experiments, a layer of 
20-40nm of Al was thermally evaporated onto the samples to reduce charging 
effects. SEM pictures were taken with an FEI NOVA NanoSEM 230 or 
Philips XL30 at an accelerating voltage of 3-5kV. 
The water contact angle measurements were performed at room 
temperature with VCA Optima XE (AST Products Inc.) using the sessile drop 
method. Five independent sets of readings were obtained for each sample.  
X-ray induced Photoelectron Spectroscopy (XPS) (Mono Al K 
radiation at 1486.71eV) experiments were carried out to determine the 
proportion of C, O and F in the PS surface after CF4/O2 plasma treatment. The 
quantities of O and F were separately expressed as a percentage of the total 
amount of C, O and F present on the surface. XPS was also used to probe the 
composition of polymers deposited during the course of plasma etching. 
Results were processed and analyzed using the XPS Peak program (version 
4.1). 
 
3.4.3 Effect of Plasma Concentration on Etch Anisotropy 
PS nanofins were fabricated with varying CF4 amounts in the O2 
plasma using low power plasma etching. The time of treatment for each 
plasma composition was adjusted with respect to its etch rate such that a 
constant nanostructure height of 1μm was expected across all samples.  
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SEM images of these nanofins are shown in Figure 3-6 and four 
distinct types of structures can be observed. Type I structures (Figure 3-6, 
Row I), fall short of the expected 1μm height and have sharp, narrow tips (tip 
width for 100% O2 ≤ 30nm) with a rounder profile of the edges than nanofins 
in other regimes, which appear more rectangular. This suggests that Type I 
nanofins were etched with strong isotropy to the point of tip extinction before 
the designated height was reached. Type II structures (Figure 3-6, Row II) 
exhibit an improved aspect ratio (up to 9 when etched to tip extinction) 
derived from better etch anisotropy. The highest aspect ratio (up to 12), 
however, was achieved for Type III structures (Figure 3-6, Row III)  which are 
similar in form to Type II structures. Type IV nanofins (Figure 3-6, Row IV) 
also failed to attain the designed height but unlike Type I structures, Type IV 
nanofins possess broad, flat tips which indicate that etching was severely 




Figure 3-6: SEM pictures of nanofins obtained when the amount of CF4 
indicated in the top left corner is present in the plasma. The nanofins have 
elliptical cross-sections and are arranged hexagonally. They are categorized 
into 4 types (I-IV) and schematic diagrams illustrating the characteristic 
morphologies for each type are shown on the right of each row. Note that 
charging effects in the SEM caused the nanofins fabricated with 100% CF4 
plasma to seem slightly slanted. Scale bars represent 2μm. 
 
To understand the mechanisms that lead to the formation of the four 
types of nanostructures shown in Figure 3-6, we first look at the effect of 
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plasma composition on the surface chemistry of PS and how that affects the 
etch anisotropy. Figure 3-7a shows the percentages of fluorine and oxygen 
found on the PS surface as determined by XPS after plasma treatments.  It can 
be seen that as the plasma composition shifts toward a CF4 rich mixture, 
increasing amounts of fluorine become incorporated into the PS surface until 
the proportion of CF4 increases beyond 80%, at which point the trend reverses 
and the fluorine content in the PS surface starts to dip. This variation of 
fluorine on the PS surface with respect to the plasma composition is very 
similar to that of atomic fluorine in the plasma30 and it is likely that the 
amount of fluorine incorporated into the PS surface is directly dependent on 
the amount of atomic fluorine in the plasma.  This is consistent with the 




Figure 3-7: (a) Percentages of fluorine and oxygen found on the PS surface 
after plasma treatment. (b) Etch anisotropy, etch rate and polymerization rate 
with respect to plasma composition. The best fit line for etch anisotropy data 
points within each regime is also included. The range of plasma compositions 
that corresponds to the different types of nanofins in Figure 3-6 (regimes I – 





Therefore, it is reasonable to see that increasing levels of fluorine were 
found on the PS surface from 0% to 80% CF4 because the increasing 
proportion of CF4 gas provided more and more precursors for atomic fluorine 
to be generated in the plasma and also shifts the electron energy distribution to 
higher energies, encouraging the dissociation of CF4 into atomic fluorine
30. 
This, in turn, causes more fluorine to be included in the surface with richer 
CF4 plasma compositions. The dip in fluorine content of the PS surface for 
plasma compositions with 80% CF4 is due to the decreasing proportion of O2 
in the plasma which, in small amounts (0% - 20%), encourages the extraction 
of atomic fluorine through the formation of intermediates such as COF2 and 
OF radicals30.  
At higher O2 levels (>20%), however, oxygen atoms contend with 
fluorine atoms for radical sites on the substrate33, contributing to the fall of 
fluorine content in the PS surface with increasing O2 content (i.e. decreasing 
CF4 content) in the plasma. Note that the processes described above have the 
same but opposite effect on oxygen incorporation into PS, which explains the 
opposing trends of %O and %F shown in Figure 3-7a.     
The amount of fluorine incorporated into the PS surface has important 
implications for the etch anisotropy and etch rate as fluorinated polymers are 
known to be resistant to etching in the absence of ion bombardment33. This 
means that as higher levels of fluorine are incorporated into the surface 
chemistry, the nanostructures receive more and more protection from isotropic 
chemical etching, depending largely on highly directional ion bombardment 
for material removal to form the nanostructures. As such, the etch rate should 
decrease and etch anisotropy improve with increasing fluorination of the 
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nanostructure surface. This is consistent with our observations that the etch 
rate falls and etching anisotropy increases from regime I (low fluorine content 
at the substrate surface) to regime III (high fluorine content at the substrate 
surface) (see Figure 3-7b).  
Within regime I itself, however, etch anisotropy does not improve 
significantly even though fluorination increases from approximately 0% to 
15%. Etch rate measurements  exhibit the same trend as they remain largely 
unchanged within regime I, suggesting that a minimum level of fluorination 
has to be achieved before substantial alteration of the PS surface properties 
and subsequently, the etching mechanism, can take place.  
This appears to be the case in regime II, for which, having surpassed 
this threshold level of fluorination, the rapid increase in surface fluorination 
with rising CF4 content in the plasma leads to an increasingly resilient PS 
surface that depends more and more on anisotropic ion bombardment to 
facilitate etching. As a result, the etch rate declines sharply while the etch 
anisotropy rises appreciably in regime II.  
In regime III, the rate of surface fluorination falls considerably with 
increasing CF4 content as the level of fluorination approaches a maximum. 
Consequently, the etch rate decreases at a slower pace than in regime II and 
the increase in etch anisotropy is relatively modest.  
In regime IV, fluorination of the PS was observed to be reduced 
compared to regime III. However, etch anisotropy continues to improve while 
the etch rate continues to fall in this regime. The cause of this was traced to 
the deposition of a fluorocarbon polymer in regime IV (Figure 3-7b). This 
fluorocarbon layer, with a C to O to F ratio of 3.8: 1: 11.6, was found to be 
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very resistant to etching. As a result, the etch rate decreases and the etch 
anisotropy improves as the fluorocarbon layer provides sidewall protection for 
the nanostructures, in the same way that fluorinated PS protects the sidewalls 
against isotropic etching as described above.  
Therefore, it is clear that the aspect ratios of nanostructures improve 
from Type I to Type III due to the increasing fluorination of the substrate 
surface which reduces isotropic etching. This results in Type III 
nanostructures having both tall and steep sidewalls. On the other hand, 
although the etch anisotropy continues to increase in regime IV due to the 
introduction of a etch-resistant fluorocarbon layer on the PS surface, this 
fluorocarbon layer also significantly retards etching, causing a limited depth of 
etching. For instance, we have not been able to obtain nanostructures beyond a 
height of 150nm when using a 100% CF4 plasma, regardless of the etching 
duration. Therefore, although etch anisotropy is high in regime IV, the 
nanostructures produced have low aspect ratios as seen in Figure 3-6. 
It is worthwhile to note here that the aspect ratios of nanostructures 
formed with our low power plasma etching are better than those exhibited by 
polymeric nanostructures fabricated with high power plasma etching (up to 
≈4)27 and comparable to those obtained using nanoimprinting (up to ≈25)25,34–
36. Although polymeric nanostructures of aspect ratios up to 60 have been 
made using high power plasma etching28, it should be noted that such 
nanopillars are not structurally uniform and the specialized process does not 




3.4.4 Effect of Plasma Composition on Surface Energy 
of PS  
 
Figure 3-8: Water contact angles for O2/CF4 plasma treated polystyrene. 
Figure 3-8 shows the water contact angles for a flat PS treated with 
varying concentrations of CF4 in CF4/O2 plasma. The water contact angle for 
an untreated PS surface is 83.5° ± 4.4°. Note that when the samples have their 
surface chemistry homogenized with a layer of thermally deposited aluminium 
20nm in thickness, a relatively constant water contact angle is obtained. This 
implies that dissimilar surface chemistry is the primary factor for the different 
surface energies of the samples observed. 
The surface energy of PS is noted to fall with increasing CF4 
concentrations, as reflected by the increasing water contact angle. This is 
expected as increasing the fluorine content on polymer surfaces is known to 
lower their surface energies37. However, the water contact angle appears to be 
insensitive to the concentration of fluorine when the concentration is very low 
or very high, which causes the water contact angle to be more or less constant 
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for 0% ≤ % CF4 ≤ 20% and 60% ≤ % CF4 ≤ 100%. For 80% ≤ % CF4 ≤ 
100%. .Remnants of the polymer deposited from CFx species may have caused 
the water contact angle to maintain its high value even though fluorination of 
PS for this composition range is reduced.   
 
3.4.5 Stitch Etching 
Up to this point, the maximum height that the nanostructures can reach 
has been dictated by the etch anisotropy and initial mask size. To achieve 
greater heights, the etch mask pads can be made larger but this method will 
quickly compromise the density of the nanostructures when the pad size 
exceeds the original period of the pattern. In order to push the nanostructure 
height beyond these limits without sacrificing density, the concept of stitch 
etching is introduced. By strategically arranging etch sites in such a way that 
they would join up to give the desired form of nanostructure as a result of 
isotropic etching (hence, the name stitch etching), the maximum height can be 
substantially increased for a given density of nanostructures (see Figure 3-9). 
This method is applicable only when the etch anisotropy is less than 100% as 





Figure 3-9: Stitch etching demonstrated with a rectangular arrangement of 
circular holes and isotropic etching. (a) Etch depth ≈ 0. (b) Etch depth = 0.5λ. 
(c) Etch depth = 0.55λ. (d) Etch depth = 0.7λ. λ refers to the period of the 
holes. The transparency of the model is varied for clarity. 
 
One distinct characteristic of stitch etched samples would be the 
interconnection of nanostructures by “webs” (Figure 3-9c). Such features may 
not necessarily be undesirable as they offer the benefits of increased surface 
area and provide mechanical stability for the high aspect ratio nanostructures. 
The height and shape of these webs can be easily derived from the equation 
for etch anisotropy (A = 1 - DL/ Hweb) to be 
  ,                                        (3.6) 
where Hweb is the total height of the web at a given θ, DL is the total lateral 
etch distance, λ is the period, r is the radius of the hole, A is the anisotropy of 
etching and -45° ≤ θ ≤ 45° for rectangular arrays and -30° ≤ θ ≤ 30° for 
hexagonal arrays. Note that the nanopillars that result from stitch etching are 
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located at the maximum and minimum θ, which, when substituted into 
equation (3.6), gives the height of these nanostructures, H.  
Comparing the maximum possible nanostructure height achievable by 
conventional etching with a hard mask pad of radius λ/2 and stitch etching 
which starts with a hole of infinitesimally   small radius, it can be seen that 
  where   Hconventional =     λ/ 2(1-A) and H = λ/ [2cosθ(1-A)]. 
If a hard mask pad in conventional etching is changed into a hole of the same 
dimension for stitch etching instead, the improvement is given by 
.  
Applying this technique to PS nanostructures, we achieved aspect 
ratios of up to 20 (see Figures 3-10a and 3-10b) and exotic structures such as 
ribbed nanogrooves (Figure 3-10c) and zig-zag rows of nanopillars (Figure 3-
10d) that cannot be easily fabricated using other methods.  Although stitch 
etching has been applied to PS nanostructures here, it is compatible with other 
etching techniques (with some degree of etch isotropy) for different kinds of 
materials and is expected to be useful in applications that benefit from 





Figure 3-10: High aspect ratio nanostructures obtained by stitch etching. (a) 
Nanopillars (b) Nanofins (inset: magnified view) (c) Ribbed nanogrooves and 
(d) Zig-zag rows of nanopillars (inset: top view. The positions of some 
nanopillars are highlighted in red to reveal the zig-zag arrangement). 
Schematic diagrams showing the formation of the structures from fin holes are 





3.4.6 Application of Plasma Etching and Stitch Etching 
Techniques to Different Polymeric Substrates 
Low power plasma etching and stitch etching can be applied to more 
than just PS material and nanofin patterns, as shown in Figure 3-11. We have 
demonstrated that our process can be used to nanostructure the surfaces of 
thermoplastic (PP, PS) and thermosetting polymers (PI, PET) with unsaturated 
(PS, PI, PET) and saturated moieties (PP).  In addition, it was found that the 
nanostructures fabricated have good uniformity across the entire processed 
area (1cm x 1cm). This shows that nanostructures can be fabricated with our 
method on a wide variety of polymers from commercial products with 




Figure 3-11: SEM pictures of (a) nanopillars on PS (b) nanogrooves on PS (c) 
nanogrooves on PP (d) nanopillars on PP (e) nanopillars on Kapton® PI and (f) 
stitch etched nanopillars on PET formed from a rectangular array of holes.  
Low power plasma etching was carried out with gas comprising 70% CF4 and 
30% O2. Etch anisotropy for nanopillar and nanogroove patterns on PS are 
similar to that of nanofin patterns. Scale bars represent 2μm. 
 
It is also worth noting that some of these commercial polymers are 
thermosets (e.g. PI) that cannot be processed by nanoimprinting as they will 
decompose rather than soften upon heating. To overcome this issue, 
nanoimprinting of these polymers will have to be carried out with liquid 
precursors, instead of cost effective plastic products that are readily available 
off the shelf. Once these polymers have set, nanoimprinting cannot be used for 
further processing but plasma etching can. In this way, low power plasma 
etching can act as a substitute for nanoimprinting.     
 
3.4.7 Application to Superhydrophobic Surfaces 
One of the greatest advantages of fabricating nanostructures on 
polymers using low power plasma etching is that chemical functionalization of 
the surface and nanostructure formation can be achieved in a single step, thus 
reducing the cost and complexity of engineering functional surfaces. To 
demonstrate this, we used 70% CF4 - 30% O2 low power plasma etching 
process to incorporate fluorine, which lowers the surface energy of polymers37, 
into the surfaces of PS nanostructures. The feasibility of using the resulting PS 
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nanostructures as superhydrophobic surfaces (water contact angle  150°) was 
then evaluated and 4 different types of nanostructures were found to be 
suitable – nanofin, nanopillar, ribbed nanogroove and zig-zag rows of 



















40.5° ± 3.5° 
Nanopillars 161.8° ± 1.8° 163.7° 3.3° ± 1.1° 3.5° ± 0.7° 
Ribbed  
Nanogrooves 
154.3° ± 1.2° 151.9° - 
Short-axis:  
43.0° ± 5.7° 
Long-axis:  
70.8° ± 1.1° 
Zig-zag rows  
of nanopillars 
≈ 180° 178.9° ≈0° ≈0° 
 
Table 3-1: Measurements of water contact angle exhibited by the various 
nanostructures. Long-axis and short-axis refer to the axis parallel to the long 
and short side of the nanofins/ nanogrooves respectively. The water droplet 
was viewed with the respective axis pointing into the screen and water contact 
angles were measured from this view. 
 
Of the 4 types of nanostructures, it was found that nanopillars and zig-
zag rows of nanopillars mimic lotus leaf behavior (superhydrophobic with low 
sliding angle)38 whereas nanofins and ribbed nanogrooves mimic rose petal 
behavior (superhydrophobic with high sliding angle)39. Note that 6 μl water 
droplets do not roll off ribbed nanogrooves even at 90°. The strong adhesion 
of droplets to ribbed nanogrooves and nanofins is due to the relative 
abundance of nanostructure edges, which pin the triple phase contact line and 
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cause the large contact angle hysteresis observed for these geometries40,41 
(Table 3-1). In addition, both the nanofins and ribbed nanogrooves exhibit 
axis-dependent wetting properties. The rise in contact angles from nanofins to 
ribbed nanogrooves to nanopillars to zig-zag rows of nanopillars can be 
attributed to the increasing concentration of air spaces between the 
nanostructures as described by the Cassie-Baxter relation42 (Table 3-1).  
 
 
Figure 3-12: (a) Non-stick property of surface with zig-zag rows of nanopillars 
demonstrated with a 6μl water droplet. (b) Sliding of 6.4μl droplet over a 
distance of 3.5mm on a level surface textured with zig-zag rows of nanopillars. 
(c) Bouncing 6.4μl droplet on zig-zag rows of nanopillars. (d) 1μl droplets 
trapped on 0.5mm x 0.5mm hydrophobic pads surrounded by 
superhydrophobic nanopillars. (e) (i) Top view and (ii) side view of 20μl of air 
bubbles trapped on 2mm x 2mm of superhydrophobic pads surrounded by 
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hydrophilic untreated PS (water contact angle = 83.5°±4.4°). Scale bars 
represent 2mm. 
 
It should be pointed out that the superhydrophobicity displayed by zig-
zag rows of nano-pillars is especially remarkable as droplets up to 6 μl are not 
able to stick to the surface (see Figure 3-12a).  When the volume of a freely 
suspended droplet reaches 6.4 μl, its weight can no longer be supported by the 
surface tension of the syringe tip and it falls. If this droplet is dropped onto a 
surface with zig-zag rows of nanopillars at a height of 2 mm (measured from 
bottom of suspended droplet to surface), it will have enough energy to travel 
several millimeters across the surface despite its weight (Figure 3-12b). When 
the height is raised to 7 mm, the droplet will acquire sufficient energy to 
bounce on the surface (Figure 3-12c).  Based on these characteristics, it would 
appear that a surface modified with zig-zag rows of nanopillars obtained 
through low power plasma etching displays superhydrophobic properties on 
par with the very best reported in literature43. 
A single substrate can be designed to have regions with 
superhydrophobic nanostructures and regions without nanostructures and are 
not superhydrophobic, so that the flow of water can be guided to specific 
positions. To demonstrate this, we created non-superhydrophobic PS pads 
surrounded by superhydrophobic PS nanopillars to trap water droplets (Figure 
3-12d) and superhydrophobic PS pads (with nanostructures) surrounded by 
hydrophilic PS (without nanostructures) to trap air bubbles (Figures 3-12e and 
3-12f). Note that all of these were integrated on a single substrate without 
requiring any surface coatings. 
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Given the extraordinary superhydrophobic properties exhibited by PS 
nanostructures fabricated through low power plasma etching and the ease with 
which these structures can be integrated into other designs, they will likely 
find extensive usage in applications such as self-cleaning surfaces and 
microfluidics. However, we have discovered decreasing hydrophobicity over 
time of our plasma treated PS, probably due to interaction with atmospheric 
oxygen44 and/or moisture and thus, continued study is required to improve the 
durability of the PS nanostructures for repeated usage. 
 
3.5 Conclusions 
The various nanofabrication techniques used in the experimental 
studies of this dissertation have been examined and discussed in detail. Laser 
interference lithography was found to be a suitable technique for nanoscale 
pattern generation because orderly patterns, which facilitate analysis, can be 
produced over areas large enough (cm2) for wetting experiments.  
For Si substrates, pattern transfer can be realized using MACE, which 
involves the use of an inverse pattern of noble metal to selectively etch Si in a 
H2O2/ HF solution so that a positive pattern of nanowires is left behind.  
On the other hand, nanostructures can be fabricated on polymeric 
substrates through the use of CF4/ O2 plasma etching in the pattern transfer 
step. The morphology of the nanostructures can be tuned by varying the 
composition of the plasma, which affects etch anisotropy by controlling the 
level of surface fluorination, and thus, sidewall passivation during etching. In 
addition, the plasma composition was also found to have a strong influence on 
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the surface energy of the resultant polymeric nanostructures. Therefore, by 
selecting a suitable mix of CF4 and O2 for the plasma, the wettability of a 
polymeric substrate can be enhanced or reduced by modifications to both the 
surface topography and surface chemistry. The usefulness of such a feature 
was demonstrated through the production of superhydrophobic surfaces by 
fabricating highly hydrophobic nanostructures with high aspect ratio on 
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Manipulation of Wetting Directions 
Using Nanostructures with Asymmetric 
Surface Energies  
 
4.1  Introduction 
Wetting has a significant influence on a wide range of phenomena 
including those involved in colloidal self-assembly1, nano-imprinting2, inkjet 
printing3, self-cleaning surfaces4, anti-fogging surfaces5, water harvesting6 and 
cell attachment7 and growth8. Directional wetting, in particular, has been 
shown to play an important role in nature, such as enhancing the locomotion 
of water striders9 and sharks,10 and bears great potential for engineering 
applications such as microfluidics and biosensing11. We define directional 
wetting here as asymmetric wetting along one or more axes, which is distinct 
from anisotropic wetting, a term commonly used in the literature to indicate 
uniaxial wetting. In addition, we refer to bi-directional wetting in our study 
here exclusively as wetting in two perpendicular directions as opposed to two 
opposite directions in the same axis. 
In recent years, several groups have successfully achieved directional 
wetting on surfaces by means of structurally asymmetric micro-/nano-
structures. Jokinen et al.12 used photolithographic techniques to create 
microstructures which ended in sharp tips in one direction and a blunt tip in 
the opposite direction. The triple phase contact line was preferentially trapped 
at the sharp tip, causing directional wetting. Chu et al.13 created high-aspect-
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ratio silicon nanopillars using standard nanofabrication techniques and then 
caused them to bend by evaporating a relatively thick layer of gold at an 
oblique angle. The bending is a result of the difference in thermal expansion 
coefficients of gold and silicon which generates thermal stresses when the 
anisotropically coated silicon nanopillars were cooled from the deposition 
temperature to room temperature. The bent nanopillars were then uniformly 
coated with polymers to homogenize the chemistry of the surface of the 
structures. Wetting was found to take place preferentially in the direction that 
the nanopillars were bent in. Kim et al.14 utilized a similar method in which 
high-aspect-ratio polymeric nanopillars were fabricated by nanoimprinting and 
then bent by means of oblique electron beam irradiation which causes 
asymmetric shrinkage of the nanopillars to take place. The observations made 
in this study were similar to Chu et al.’s. Directional droplet transport has also 
been demonstrated by Malvadkar et al.15 on slanted polymeric nanopillars 
fabricated by low pressure vapour deposition at an oblique angle on a silicon 
substrate. This study differs from the first three in that droplets do not spread 
on the surface (highly hydrophobic) but can be induced by vibrations to move 
preferentially in the direction in which the polymer nanopillars were slanted in. 
In all of the cases cited above, only surface nanostructuring was used, 
and uni-, bi- and tri-directional wetting have never been demonstrated together 
using a single method. Here, we show, for the first time, that directional 
wetting can be generated by causing an asymmetry in the surface energy of 
individual nanostructures in an array.  When this chemical effect is combined 
with structural asymmetry, a significantly expanded capability for control of 
directional wetting is obtained. We also present an analytical model to explain 
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our observations and demonstrate that the model can be used to accurately 




4.2  Experimental Methods 
Hexagonal arrays of nanofins, square arrays of pillars and periodic 
nanogrooves on commercial polystyrene (PS) sheets were fabricated by means 
of interference lithography (IL) and O2/CF4 plasma etching. The main 
advantage of this processing route is that it allows for easy manipulation of the 
geometry, arrangement and surface energy of the PS nanostructures 
(characterized by the water contact angle, θps). Surface energy anisotropy was 
then uniformly produced on every nanostructure in the arrays using oblique 
angle deposition of a metal with a higher surface energy (characterized by the 
water contact angle, θmtl). Figure 4-1 shows a schematic of the process flow. 
 
Figure 4-1: Summary of the fabrication process for nanostructures with 
anisotropic surface energies. The first 2 rows illustrate the patterning process 
and the last row shows the pattern transfer via plasma etching and generation 




A 1mm thick polystyrene (PS) sheet was first cleaned with 2-propanol 
and rinsed with de-ionized water. 7nm of 99.9% pure Ni was deposited onto it 
to act as adhesion promoter for the photoresist using an Edwards AUTO 306 
thermal evaporator. This simple method does not require high substrate 
temperatures and ensures that the surface composition of the underlying 
polystyrene is not altered by the photoresist.  The Ni can also be easily and 
selectively removed. The substrate was then diced into 1cm2 samples and 
coated with 1μm of Ultra-i-123 positive photoresist using a spin coater. An 
array of nano-scale holes (in the shape of grooves, circles or elongated ellipses) 
was created in the photoresist layer using IL with a He-Cd laser (wavelength = 
325nm) in a Lloyd’s mirror setup, and commercial developer CD-26. The Ni 
beneath the photoresist was then removed by wet etching. 40nm of 99.9% pure 
aluminium (Al) was then deposited onto the samples and the Al was patterned 
using a lift-off process by selectively removing the photoresist and Ni with 2-
propanol and nitric acid respectively, leaving behind an array of positively 
patterned Al hard masks on the polystyrene substrate. 
Using a plasma enhanced chemical vapor deposition system (Samco 
PD-2400) the polystyrene substrates patterned with Al hard masks were 
subjected to oxygen (O2) /tetrafluoromethane (CF4) plasma etching at 40W 
and 0.04Torr. By changing the composition of the plasma gases, the 
wettability of the resultant nanostructures was varied. In a series of 
experiments, the hydrophilic polystyrene nanostructures (θps = 74.6°) were 
created with 50% O2 and hydrophobic nanostructures (θps = 114.8°) were 
created with 30% O2. The Al hard masks were then removed by wet etching. 
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After tilting the samples at an angle, the desired thickness of a metal (Al or Ni) 
was deposited onto the desired face of the nanostructures using a thermal 
evaporator. The film thickness for Al and Ni was 40nm and 20nm, 
respectively. The samples were stored at room temperature. The surface 
roughness of the samples was characterized using a Tencor Instruments Alpha 
Step 500 surface profiler, and scanning electron microscopy (SEM) images of 
the nanostructures were obtained using an FEI NOVA NanoSEM 230 at an 
accelerating voltage of 4kV. 
1µl of deionized water was deposited onto the samples using a 
micropipette and a top view of the wetting process was captured at 30 frames 
per second using an 8 Megapixel camera. The instantaneous wetting velocity 
was estimated by measuring the distance moved by the wetting front in the 
time interval between frames (40ms-50ms). 
For observations from the side, the droplet was dispensed with the 
micro-syringe of the VCA Optima XE system which is also equipped with a 
magnifying camera. Water contact angle measurements were made at room 
temperature using the sessile drop method. At least 4 readings were obtained 
for each sample. Care was taken to avoid data collection at areas previously 
wetted, as wetting history can exert influence on subsequent readings. This, 
however, restricted the maximum number of times an experiment could be 
performed, particularly if the droplet exhibited a low water contact angle. 
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4.3 Details of Geometry and Surface Chemistry 
of Nanostructures 
 
Symbols used to describe the surface chemistry, geometry and 
arrangement of the nanostructures in this section are listed in the following. 
θps Water contact angle on a flat polystyrene (PS) substrate.  
θmtl Water contact angle on a flat deposited metal substrate. 
X-axis Axis parallel to the long side of fins and grooves.  
Y-axis Axis parallel to the short side of fins and grooves.  
p Length of the long side of a nanostructure. 
q Spacing between nanostructure tips along the X-axis. 
w Length of the short side of a nanostructure. 
v Spacing between nanostructure tips along the Y-axis.  
h Height of the nanostructures. 
δ 
Angle of metal evaporation relative to the substrate surface 
normal. 
β 
The bearing of the metal deposition direction (in the X-Y plane) 
with respect to +Y.  
 
Angle the sidewall of a nanostructure makes with the horizontal 
base. This is dependent on the anisotropy of the plasma etching 
process. 
 
Figures 4-2a and 4-2b show schematic diagrams of nanofins after 
oblique deposition of metal at angles β (in the X-Y plane) and δ (in the plane 
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normal to the X-Y). Note that the angle β is a bearing and indicates both 
direction and angle with respect to the +Y direction. The yellow and grey 
regions indicate metal coated and uncoated areas of the nanostructures, 
respectively.  For nanopillars, p = w and q = v, whereas for nanogrooves, q = 0.  
When β is not aligned with the X- or Y-axis, 2 adjacent sides of a 
nanofin will be coated with metal as shown in Figure 4-2a. In this case, there 
are anisotropic surface chemistries (i.e. one side coated with metal and the 
opposite side is uncoated) in both the X- and Y-axes. If β is aligned with the X- 
or Y-axis, the sides of the nanofins will be made chemically isotropic in the Y- 
or X-axis respectively, and only one axis with anisotropic surface chemistry 
will be generated. As for nanopillars, anisotropic surface energy will always 
be generated along only one axis, with the metal-coated face in a direction β-
180° with respect to the uncoated face of the same nanopillar, regardless of the 
direction of β. In the case of nanogrooves, the metal coated face with respect 




Figure 4-2: Schematic diagrams of the (a) top view and (b) side view of 
nanofins. SEM images of (c) hydrophilic nanogrooves (d) hydrophobic 
nanofins and (e) hydrophobic nanopillars taken at a 45° tilt with top view 
images as insets. Each scale bar represents 2μm.  
 
Figures 4-2c to 4-2e show SEM images of PS nanogrooves, nanofins 
and nanopillars. A total of eleven types of samples were fabricated with 
various θps, θmtl, δ, β and geometry (see Table 4-1 for details). In all cases, the 
nanostructures were found to remain upright after the oblique deposition of 
metal. The thermal stresses involved in our process were not large enough to 
cause deflection of the sort reported by Chu et al.13, as the metal thicknesses 
used in our study were relatively small (20-40nm compared with 250-400nm 
for Chu et al.) and the nanostructures had low aspect ratios (4-6.5 compared 
with ≈20 for Chu et al.). In addition, unlike the study performed by Chu et al., 
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Table 4-1: Processing and geometric parameters for freshly fabricated 
samples. The last column shows schematic diagrams of the respective 
nanostructures (Yellow: Metal coated regions White/Gray: Uncoated regions). 
The arrows next to them indicate the directions of wetting due to anisotropic 
surface energies of the nanostructures (wetting directions due to topography 
















































































4.4 Effect of Nanostructured Surface Energy 
Anisotropy on Wetting Directions 
 
When 1μl deionized water droplets were brought into contact with the 
surfaces of anisotropically coated nanogroove or nanofin arrays, it was 
observed that the droplets always spread in the direction of the metal coated 
face of the nanostructures, which is the face with higher surface energy, while 
being pinned in the reverse direction (Figure 4-3). For anisotropically coated 
nanopillar arrays, some wetting in the direction of the uncoated face was also 
observed but it was consistently much less than the spreading in the direction 
of the metal coated face (≤17% of the total spreading length). This 
directional/near-directional wetting was not affected by variations in the initial 
location of the droplet and was never observed along an axis for which the 
surface energy of the nanostructures was isotropic, i.e. the opposing faces of 
the nanostructures perpendicular to the axis were both uncoated or were both 
coated with metal.  
The wetting process for all cases was very rapid and droplets typically 
reached their final states in approximately 2s. The velocity of the wetting front 
along the axis with anisotropic metal coating can reach up to 67.5 mm/s, 





Figure 4-3: Side view of directional wetting on surfaces with periodic 
nanogrooves, nanofins and nanopillars. (Insets) Schematic diagrams showing 
the orientation of the asymmetric coating on the respective nanostructures. 
Scale bar represents 1mm. 
 
4.5 The Composite Effects of Structural and 
Surface Energy Anisotropy on Wetting 
Directions 
 
To understand the combined effects of nanostructure geometry and this 
newfound chemical influence on wetting, we first consider how different 
surface asperities affect wetting. Isotropic nanostructures such as nanopillars 
pin the triple phase contact line uniformly in all directions, preserving the 
spherical cap shape of the droplet even as they cause an increase in the 
observed advancing contact angle16. Anisotropic nanostructures such as 
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nanogrooves, on the other hand, produce asymmetric contact line pinning 
between axes so that a droplet spreads more easily in the direction of the 
grooves17. We have found the same anisotropic wetting behaviour on surfaces 
textured with uncoated hexagonally arranged nanofin arrays (Figure 4-4). 
 
Figure 4-4: Uniaxial wetting on (a) nanogrooves and (b) nanofins. 
 
This behaviour for nanofins is changed when the chemistry of the 
surfaces of these nanostructures is asymmetrically modified. For example, by 
carrying out the metal deposition in the –X direction (β = 270°) so as to 
generate a metal coated face in the +X direction, the spreading of the droplet 
will be constrained in the -X, +Y and –Y directions, leaving +X as the only 
direction available for spreading (Figure 4-5a). Similarly, if metal deposition 
was carried out in the –Y direction (β = 180°), the higher surface energy of the 
metal can be used to overcome geometric pinning in the +Y direction but not 
in the –Y direction. This directional spreading along the Y-axis coupled with 
the symmetric spreading in the +X and –X directions (due to topography) will 
lead to tri-directional wetting (Figure 5-4b). By carrying out the metal 
deposition on nanofin arrays at 180° < β < 270o, anisotropic surface energy of 
the nanofins will be generated along both the X- and Y-axes and directional 
wetting in the +X and +Y directions will combine to produce the bi-directional 
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wetting shown in Figure 5-4c. The combination of uni-directional, bi-
directional and tri-directional wetting was previously unattainable by using 
only nanoscale manipulation of surface topography. 
 
Figure 4-5: Top views of (a) uni-directional wetting, (b) tri-directional wetting 
and (c) bi-directional wetting on anisotropically coated nanofins. An image of 
a clam-shaped droplet exhibiting tri-directional wetting is shown in the bottom 
right corner of (c), for contrast with the elbow-shaped droplet exhibiting bi-
directional wetting in the bottom left corner of (c). Note that this droplet 
exhibiting tri-directional wetting has a higher contact angle than the one 
shown in (b). (Insets) Schematic diagrams showing the orientations of the 
nanofins and the anisotropy of their coatings from the top view. Yellow 
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arrows indicate the wetting directions. Scale bars represent 5mm for (a) and 
(b) and 1mm for (c). 
 
For nanopillar arrays, the absence of anisotropic topographical cues 
means that the droplet only wets preferentially in the direction of the metal 
coated face of the nanostructure. However, as mentioned above, there is slight 
wetting in the reverse direction as well and thus, wetting on nanopillars is 
always nearly uni-directional. Unlike with nanofin arrays, changing the 
deposition direction with respect to the X- or Y-axes for nanopillars merely 
changes the direction for near-unidirectional wetting (Figure 4-6) instead of 
causing bi-directional or tri-directional wetting. In other words, near-uni-
directional wetting always occurs on nanopillars in the direction of the metal 
coated face of the nanostructures.  
 
 
Figure 4-6: Top views of uni-directional wetting on nanopillars that are 
anisotropically coated in the directions (a) β = 207° and (b) β = 225°. 
Schematic diagram shown beside each picture indicates the movement of the 
wetting front over the pillars. The yellow arrow indicates the wetting direction 
which is always opposite to the metal deposition direction and the blue shaded 





For nanogrooves, asymmetric wetting occurs along the Y-axis due to 
anisotropy in the surface energy of the nanostructures. The spreading of the 
droplet in the +Y direction is, however, relatively small when compared with 
spreading along the X-axis, indicating a stronger topographic influence on 
wetting. Nevertheless, wetting on nanogrooves qualifies as tri-directional. 
 
4.6  Quantitative Model  
To quantitatively understand the different wetting behaviours observed, 
we consider the water droplet to be trapped in a metastable state where the 
driving force for wetting, Fwet, is balanced by the pinning force, Fpin, on the 
triple phase contact line18. Briefly, Fwet arises because the contact angle of the 
droplet is not at its energy minimizing thermodynamic equilibrium and Fpin 
exists due to the chemical heterogeneity and structural roughness of the 
surfaces. To overcome the pinning of the triple phase contact line, a minimum 
value of Fwet is required to increase the local contact angle to pin before the 
wetting front can advance down the slope and past the foot of the 
nanostructure19.  
Symbols used to derive the metastable water contact angle, θ, in this 
section. 
Fwet 
Thermodynamic driving force pushing a water droplet to adopt 
θeqb. 
P Period of nanostructures normal to the wetting direction. 
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n Number of repeating unit cells along the wetting front. 
θ 
Metastable contact angle observed when a droplet spreads and 
comes to rest (when Fwet = Fpin) on a textured surface. 
Fpin 
Pinning force, caused by geometric and chemical heterogeneities, 
preventing the droplet from forming a contact angle of θeqb. 
LVS 
Liquid-vapour surface. Essentially the droplet surface that 
separates the liquid phase and vapour phase. 
rest 
The angle of the slope at which an un-relaxed local LVS comes 
to rest.  
pin 
The angle with respect to rest which the local LVS at the tip of a 
nanostructure must attain before it can continue to advance to the 
foot of the nanostructure. 
foot-pin 
The additional angle which the local LVS at the foot of a 
nanostructure must rotate through before it can continue to 




Pinning length on a single nanostructure. 
b 
Effective barrier to wetting that takes into account both chemical 














4.6.1 Derivation of the Wetting Force 
The thermodynamic driving force for wetting at the point when the 
droplet comes to rest at contact angle, θ, can be found by considering the 
forces acting on the triple phase contact line: 
            
    coscoscos  eqbLVLVSLSVwet nPnPF  ,   (4.1) 
where nP is the projected length of the wetting front, θ is the measured 
apparent contact angle of the droplet when it comes to rest on a sample, θeqb is 
the thermodynamic equilibrium contact angle given by Eq. (2.13)  and n refers 
to the number of repeating unit cells with a period of P along the wetting front 
(Figure 4-7). The wetting front can be taken as a straight line normal to the 
direction of wetting and thus P takes the value of p + q for wetting along the 
Y-axis and w + v for wetting along the X-axis. While assuming that the contact 
line is straight seems to contradict what is shown in Figure 4-5 and Figure 4-6, 
it should be noted that the relevant length of the wetting front does not involve 
the entire triple phase contact line but pertains only to a short section of it at 
the outermost edge of the droplet, which has been shown through SEM 
photographs to be straight20.  
 
Figure 4-7: Schematic diagrams showing the period, P, for wetting of nanofins 
along the (a) Y-axis and (b) at an angle of 27° to the Y-axis. Green arrows 




Although Fwet will only vanish when θ = θeqb , droplets spreading on 
rough surfaces in the Wenzel state rarely come to rest at θeqb as motion of the 
wetting front can be easily arrested by protrusions, cavities and chemical 
heterogeneities which trap the triple phase contact line and constrain the 
system in a metastable state21 in which the pinning force of the nanoscale 
defects, Fpin, balances Fwet. In other words, the droplet does not come to rest at 
thermodynamic equilibrium, for which Fwet = 0, but at a metastable state for 
which Fwet = Fpin. As a result, droplets in experiments will exhibit a static 
apparent contact angle of θ which is greater than θeqb. 
 
4.6.2 Derivation of the Pinning Force 
Wetting in the Direction of the Metal Coated Face 
To compute θ, Fpin, which adopts a form similar to that of Eq. (4.1), 
has to be expressed in terms of the pinning length and pinning angle. Both of 
these values can be estimated from the geometry of the nanostructures. With 
reference to Figure 4-8a, consider first, the approach of the liquid-vapour 
surface (LVS) toward a nanostructure in the direction of the metal coated face. 




Figure 4-8: (a) Schematic diagram showing the various positions of the LVS 
as it moves past a nanostructure from left to right. (b) Magnified view showing 
the relaxation of the LVS from θps to θmtl on a nanostructure with a wide top. 
(c) Magnified view showing the relaxation of the LVS from θps to θmtl on a 
nanostructure with a narrow tip. (d) Magnified view showing the pinning of 
the LVS at the top of the nanostructure. Note that the area to the left of a LVS 
is filled with liquid whereas the area to the right of a LVS is not. Blue and red 
lines represent positions of the LVS before and after overcoming the pinning 
at the nanostructure, respectively. Green arrow indicates the direction of 
wetting.  
 
As the LVS advances across the PS floor to the left of the 
nanostructure, it translates with a local contact angle equivalent to the intrinsic 
angle of the PS, θps. This intrinsic angle is determined by the local surface 
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energies and is different from the macroscopic apparent angle which is a result 
of spatially averaged surface energies. When the LVS reaches the 
nanostructure, it scales the side of the structure with the same contact angle, 
θps, with respect to the horizontal. Movement of the LVS up the nanostructure 
does not prove to be a problem as the local contact angle is greater than θps 
and the net surface tension force on the droplet edge brings it upward. At the 
top of the nanostructure, however, the LVS will attempt to relax from θps to 
θmtl as the material at the top is the metal coating and not PS. In other words, 
when the LVS forms a local contact angle of θps with the metal coating at the 
top of the nanostructure, there is a net force of γSV,mtl - γSL,mtl – γLVcosθps = 
γLVcosθmtl - γLVcosθps per unit length acting on the triple phase contact line, 
pulling it to the right (Figure 4-8b). As the triple phase contact line advances, 
the local contact angle the LVS makes with the metal coating decreases until it 
reaches θmtl. The triple phase contact line then comes to rest when the local 
surface tension forces are balanced. In Figure 4-8b, it can be seen that this 
relaxation will take place entirely on the horizontal portion at the top of the 
nanostructure if there is enough space at the top of the nanostructure to 
accommodate the process. Here, we assume that the minimum width of a 
nanostructure that will allow for this is approximately 1-10μm, which is the 
size of the local LVS20.  
If the width of a nanostructure is small compared to the size of the 
local LVS (≤ 0.2μm), the LVS will not have enough room to relax from θps to 
θmtl on the horizontal portion of the top of the nanostructure. As a result, the 
force acting on the triple phase contact line will bring the LVS to the rounded 
edge of the nanostructure beyond the horizontal portion, and equilibrium for 
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the local surface tensions γSV, γSL and γLV is achieved at a slope of rest where 
the LVS makes a local contact angle of θmtl with the tangent to the curvature 
(Figure 4-8c). Since the width of the nanostructure is narrow, we assume that 
there is almost no relaxation of the LVS on the horizontal portion of the top of 
the nanostructure i.e. rest + θmtl = θps (Figure 4-8c).   
Note that the relaxation of the local contact angle from θps to θmtl on the 
top of the nanostructure will be spontaneous even in the absence of an external 
force. This relaxation ends with the LVS attaining a contact angle of θmtl with 
respect to the surface, which may be horizontal or slanted. This is therefore, 
the “resting” state of the LVS and thus, all subsequent rotations of the LVS 
caused by Fwet have to be measured relative to the surface at this “resting” 
state.  
For the LVS to move down the right slope of the nanostructure, an 
angle of  + θmtl with respect to the horizontal is required19, and thus, the 
pinning strength is the force required to rotate the blue LVS to the red LVS in 
Figure 4-8d. This essentially means that the LVS has to turn from a local 
contact angle of θmtl to pin =  - rest + θmtl (measured relative to the red 
dashed line in Figure 4-8d which represents the surface at the “resting” state) 
to advance down the side of the nanostructure. After this, the LVS relaxes 
from  + θmtl to θps on the floor to the right of the nanostructure in Figure 4-8a, 
and the process repeats until the driving force for wetting can no longer 
overcome the contact line pinning caused by the nanostructure. Hence, the 
maximum pinning force on the wetting front can now be expressed as   
 pinmtlLVpin nlF  coscos   ,    (4.2) 
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where nl is the length of the wetting front that is pinned and l is the pinning 
length provided by a single nanostructure.  Equating Eqs. (4.1) and (4.2) then 
gives 
   b
P
l
eqbpinmtleqb   coscoscoscoscos ,  (4.3) 
where the dimensionless parameter, b, represents the barrier to wetting. Note 
that both chemical and structural effects are embedded within the driving force 
(determined by θeqb) and the retarding force (embodied by b).  
 We have assumed that viscous dissipation will eliminate any excess 
energy of the droplet before it reaches the metastable state. Therefore, when 
Fwet = Fpin, the wetting front will come to a halt instead of moving on with 
constant velocity, i.e. no excess energy is carried forward to help the wetting 
front surmount the energy barrier. This assumption is based on the observation 
that the triple phase contact line tends to move in a stick-slip manner as the 
droplet is coming to rest, often “jumping” from one surface asperity to 
another16. 
 
Wetting over a Hydrophobic Floor 
Additional constraints have to be accounted for in the cases where the 
LVS moves over hydrophobic floor materials and when it travels in the 
direction of the uncoated face. For hydrophobic materials, for which  θps > 
180⁰-, a physical constraint is imposed on the LVS such that it can only scale 
the left slope of the nanostructure at an angle of 180⁰- , which corresponds to 
a maximum local contact angle of 180⁰ (Figure 4-9). As a result, the contact 
angle with respect to horizontal at the top of the nanostructure for this case is 
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180⁰-  instead of θps. In addition, after the LVS has reached the bottom of the 
nanostructure, it may be required to rotate through an additional foot-pin to θps 
before it can advance further on the PS floor on the right (Figure 4-9) (See 
Worked Example below). Thus, the LVS has to rotate to a final contact angle 
of pin + foot-pin (measured relative to the “resting” state) before it can advance 
past a nanostructure.  
 
Figure 4-9: Schematic diagrams showing the movement of the LVS over a 
nanostructure with hydrophobic floor. Red lines indicate the positions of the 
LVS after it has overcome pinning forces at the top of the nanostructures. 
Purple lines and font highlight modified parameters. Green arrow indicates the 
direction of wetting. 
 
Wetting in the Direction of the Uncoated Face 
Next we consider wetting in the direction of the uncoated face. A 
special scenario may arise where the LVS may be trapped at the transition 
between the metal and PS (assuming the change of material is abrupt) at a 
slope of 90⁰– δ with a local contact angle greater than θmtl (Figure 4-10a). This 
happens when rest = [(180°-) - θmtl] > (90⁰– δ) i.e. the LVS has not reached 
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the gradient of rest where the local contact angle can fully relax to θmtl before 
its advance is halted by a sudden transition from metal to the more 
hydrophobic PS. The local contact angle the LVS makes with the tangent to 
the edge at this new “resting” point is 180°--90°+δ = 90°-+δ instead of θmtl 
at a slope of 90⁰– δ instead of rest. The appropriate substitutions will then 
have to be made in the computation described earlier. Note that this need not 
always be the case. As shown in Figure 4-10b, if δ is small enough, the LVS 
can reach a local contact angle of θmtl at a slope of rest before or at the 
transition point from metal to PS. In this case, the analysis is similar to that of 
wetting in the direction of the metal coated face (Figure 4-8).  
 
Figure 4-10: Schematic diagrams showing the movement of the LVS over a 
nanostructure in the direction of the uncoated face. (b) Magnified view 
showing the LVS pinned at the transition from metal to PS with a local contact 
angle greater than θmtl when wetting in the direction of the uncoated face. (c) 
Magnified view showing the LVS unaffected by the transition from metal to 
PS as it is able to reach the slope rest, which is before or at the transition point 
at which it can relax to form a local contact angle of θmtl. Purple lines and font 





Reduction of the Pinning Length, l, due to Curvature of the Nanostructures 
Careful attention must also be paid in the estimation l in Equation (4.3), 
which, in this model, requires a rigorous approach that takes the curvature of 
the nanostructures into account. The modification of l due to the contours of 
the nanostructures will prove to be significant for nanopillars and the faces of 
nanofins parallel to the Y-axis, but not so much for the faces of the nanofins 
parallel to the X-axis. Based on simulations done by Forsberg et al16, it was 
found that pinning of the triple phase contact line on surface protrusions 
occurs differently for materials with different wettability. In the case in which 
the front face and floor material are as hydrophilic as Al and Ni, the liquid will 
wet the nanostructure from the bottom up, leaving only the triple phase contact 
line at the top of the nanostructure pinned. For this reason, we will focus only 
on the pinning force, and therefore the pinning length, provided by the top of 
the nanostructures. 
Figure 4-11 shows schematic diagrams for the movement of the 
wetting front over a nanostructure. In Figure 4-11a, it can be seen that the top 
of the nanopillar is effectively a truncated spherical cap that causes a reduction 
of l as the wetting front passes over the nanostructure as demonstrated in 
Figure 4-11b. In addition, because of the spherical nature of the edge, the local 
contact angle is the same everywhere along the triple phase contact line at the 
edge at any given instance, no matter if it is viewed from the side (Figure 4-
11c) or the top (Figure 4-11d). The black lines represent the LVS when it is 
“resting” at the edge of the nanopillar at a slope rest with respect to the 
horizontal. In the presence of Fwet, the contact angle increases until the wetting 
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front reaches the red lines in Figure 4-11c and Figure 4-11d, at which point the 
fluid overcomes the pinning force at the top and moves down the pillar. At this 
point, the angle the LVS makes with the horizontal in Figure 4-11c and Figure 
4-11d is  + θmtl and it can be shown from simple geometry that r = . Thus, 
l can be computed to be wcos.  
 
Figure 4-11: (a) Schematic diagram showing a nanopillar modelled as a 
tapered rod with a truncated spherical cap as a tip. (b) Schematic illustration 
showing the reduction of the pinning length at the tip as the wetting front 
advances across a nanopillar. (c) Side view of the process in (b). Black lines 
represent the resting position of the wetting front and red lines represent the 
critical point when the pinning force at the tip is overcome and the liquid is 
allowed to travel down the nanopillar. (d) Top view of the process in (b). The 
dark blue arrow indicates the direction of rotation of the wetting front from the 





As an illustration of the use of Eq. (4.3), consider the worked example 
for hydrophobic nanofins for which β = 180° (sample H).  From Eq. (2.13), 
mtlmtlpspseqb rfrf  coscoscos  , 
which can be written in terms of the surface areas of the metal coated and 











Using the appropriate geometric parameters (Figure 4-12) to calculate 
the surface areas of metal-coated and uncoated regions in a single cell, 
 






























θeqb = 41.59° 
 
Figure 4-12: A unit cell of nanofin. 
 




 coscoscoscos  , 
and so, in the direction of the metal coated face which is aligned with +Y in 











  coscoscoscos   
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Since θps = 115° > (180°- ), contact angle at the top of the nanostructure is 
(180°-) = 180°-85° = 95˚and rest = 95° - θmtl = 95° - 22° = 73°. To move 
down the right-side slope, an angle of  + θmtl = 107° with respect to the 
horizontal is required. Hence, pin = 107° - 73° = 34°. To move beyond the 
foot of the nanostructure, an angle of 115° (θps) is needed. Therefore, the LVS 
requires an additional rotation of foot-pin = 115° -107° = 8°. The final angle 
that the LVS has to rotate to move past the nanostructure is pin + foot-pin = 42° 
with respect to the tangent to the edge at rest. From this, θ+Y is found to be 
48.4°. 
 
As for wetting in the direction of the uncoated face which is aligned 
with –Y, here  










  . 
Similar to the analysis above, the contact angle at the top of the nanostructure 
is (180°-) = 95°, since the LVS also passes along the hydrophobic PS floor 
before scaling and reaching the tip of the nanostructure when travelling to the 
left in Figure 4-10a. At the edge of the structure, Al transits to PS at an angle 
of 90°- δ = 63° to the horizontal. The LVS is thus trapped at the transition 
point at an angle of 90⁰-+δ = 90°-85°+27° = 32° (> θmtl). Since the LVS has 
to turn from a local resting angle of 90⁰-+δ to pin instead of θmtl to pin, 
(cosθmtl - cospin) of Eq. (4.3) is substituted with [cos(90⁰-+δ) - cospin] for 
this case. To move down the left-side slope, an angle of +θps = 85° + 115° = 
200° with respect to the horizontal is required. Therefore, pin = 200° - 63° = 
137° (as seen from rest). There is no foot-pin because the LVS will contact the 
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PS floor on the left side with a local contact angle of 180°. The final angle that 
the LVS has to reach to move past the nanostructure is then pin =137°. θ-Y is 
found to be 88.6°. 
 















  .  
Because p = 3.33μm, we consider the LVS to have fully relaxed at the tip of 
the nano-fin when moving along the X-axis. Hence, the contact angle at the 
top of the nanostructure is θmtl = 22° and rest = 0°. To move down the slope, 
an angle of  + θmtl = 85° + 22° = 107° with respect to the horizontal is 
necessary. The LVS will contact and move across Al at the foot of the nanofin 
along the X-axis, and since 107° > θmtl, there is no pinning at the foot. Because 
w is small, the radius of curvature now plays a significant role and l = wcos. 
θX is found to be 43.0°. As a comparison, the experimental values are θY = θ+Y 
= 51.5° ± 1.1° and θX = 42.4° ± 6.2°. 
 
4.7 Comparison between Model and 
Experimental Results 
 
By computing b from Eq. (4.3) for each sample in the directions of the 
metal coated face and the opposite uncoated face using geometric and 
processing parameters in Table 4-1, we show in Figure 4-13 that directional 
wetting takes place primarily in the direction of the metal coated face because 
b (Metal Coated) is consistently lower than b (Uncoated) for all of the samples. 
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However, it appears that the degree of asymmetry in wetting between the two 
opposite directions is not influenced by the relative values of b, i.e. no wetting 
is found in the direction of the uncoated face when b (Metal Coated) << b 
(Uncoated) and b (Metal Coated) < b (Uncoated). This may imply that the 
difference between b (Metal Coated) and b (Uncoated) required for directional 
wetting to take place is not very large. The values of b (Uncoated) for 
nanopillars were notably smaller than for other geometries (25% of the next 
lowest b (Uncoated) and two orders of magnitude lower than the highest b 
(Uncoated)) which, in the presence of small random mechanical vibrations, 
may explain the slight flow in the direction of the uncoated face for such 
samples20,21.  
 
Figure 4-13: Computed values of b in the metal coated and uncoated 
directions. When not otherwise indicated, β = 180° and the metal coating is Al 
(mtl = 22.2°). Hydrophilic and hydrophobic polystyrene surfaces have ps = 
120 
 
74.6o and ps = 114.8o, respectively. Note that for (Hydrophobic fins, β = 
210°), surface energy anisotropy is present along both the X-axis and Y-axis 
(see Figure 4-2a).  
 
Employing the experimental values of θ and calculated values of b and 
θeqb for each sample, cosθ/cosθeqb is plotted against b/cosθeqb in Figure 4-14. A 
trend representing the theoretical relation of cosθ/cosθeqb and b/cosθeqb based 
on equation (4.3) is also given in the same figure for comparison. Note that we 
have not confined the data shown in Figure 4-14 to the axis with anisotropic 
surface energy; contact angles obtained from the axis with isotropic surface 
energy are represented in Figure 4-14 as well. We have normalized cosθ with 
respect to cosθeqb since θeqb, which is dependent on nanostructure geometry, 
θps, θmtl, β and δ, is not the same for every sample. Excellent agreement was 
found between theory and experiments with average values of θ differing by a 
maximum of 3° along the axes with anisotropic surface energy and 6° along 
the axes without. Our model only fails for the case of wetting on hydrophilic 
grooves along the axis with isotropic surface energy (b/cosθeqb = 0). This 
deviation between theoretical and experimental θ arises due to a violation of 
the assumption in our model that the droplets spread more or less like 
spherical caps. Droplets spreading on hydrophilic grooves were predicted to 
wet infinitely along the axis with isotropic surface energy. Away from this 





Figure 4-14: Comparison between theoretical and experimental cos/coseqb. 
“Anisotropic Axis” refers to the axis with anisotropic surface energy while 
“Isotropic Axis” refers to the perpendicular axis where anisotropic surface 
energy is absent. Error bars indicate the standard deviation in measured 
values. 
 
Going further, we estimate the spreading ratio (S.R.) and spreading 
anisotropy (S.A.) for a droplet by considering its 2D projected shape such as 
those seen in Figure 4-3, to be approximated as a segment of a circle. In this 
manner,
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where the subscript A refers to the axis along which the surface energy of the 
nanostructures is anisotropic (i.e. directional wetting takes place along this 
axis) and the subscript I refers to the axis perpendicular to it, along which the 
surface energy of the nanostructures is isotropic (i.e. directional wetting does 
not take place along this axis). LA and LI refer to the length of the droplet along 
the respective axes indicated in the subscript. In the case where a nanofin 
possesses two axes with anisotropic surface energies such as that shown in 
Figure 4-2a, the spreading ratio is given by LY/LX . Eq. (4.4) and Eq. (4.5) 
essentially relate the extent of wetting along the A- and I-axes. If the extent of 
wetting is stronger along the axis with anisotropic surface energy, S.A. takes a 
positive value. Otherwise, it takes a negative value. If there is no difference in 
the degree of wetting between the two axes, then S.A. = 0. S.A. = 1 and S.A. = -
1 correspond to cases where there is infinite wetting along the axis with 
anisotropic surface energy and the axis with isotropic surface energy 
respectively. 
With reference to Figure 4-15, it can be seen that our model 
predictions match experimental S.A. values very well with the exception of 
wetting on hydrophobic pillars where β is not aligned with X or Y. The 
lowering of the spreading anisotropy on such samples shows that the droplets 
relaxed from the metastable state to some extent. This suggests that in such 
cases, droplets on nanopillars are confined to the metastable shape by a low 
energy barrier which can be surmounted by small, random mechanical 





Figure 4-15: Theoretical and experimental values of spreading anisotropy. β = 
180° and the metal coating is Al (mtl = 22.2°) unless specified otherwise. 
Hydrophilic and hydrophobic polystyrene surfaces have ps = 74.6° and ps = 
114.8° respectively. Schematic diagrams that summarize the form of wetting 
obtained with each sample type are shown above the data bars. The lengths of 
the red arrows qualitatively represent the extent of spreading in a particular 
direction. The theoretical S.A. for hydrophilic grooves is not given but its 
experimental value is shown for purposes of comparison. Error bars indicate 
the standard deviation of measured values. 
 
4.8 Effect of Metal Oxidation on Directional 
Wetting 
It was observed that over time the spreading lengths of droplets 
deposited on PS nanostructures with asymmetric surface energies decreased as 
the water contact angle increased, as illustrated in Figure 4-16a. The droplets, 
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however, continue to wet preferentially in the direction of the metal coated 
face, thus preserving directional wetting characteristics despite the increasing 
hydrophobicity of the sample. Since θps was found to be stable for more than 
the one week period during which all experiments were carried out, this 
evolution is most likely due to the oxidation of the metal coating over time22, 
which changes θmtl. Metal oxides have been noted to be more hydrophobic 
than pure metals23 and thus, θmtl increases over time. The measured variation 
of θmtl with respect to time is presented in Figure 4-16b. We found good 
agreement between the stable water contact angle for Ni (taken as the 
asymptotic angle in Figure 4-16b) with previously reported values for flat Ni 
substrates (roughness = 1.32nm)23, thereby demonstrating that the roughness 
(≈30nm) of our flat PS substrate does not significantly alter contact angles and 
values derived from this figure are reliable for use as intrinsic contact angles 




Figure 4-16: (a) Increasing hydrophobicity of nanofins over time. The red 
dashed line indicates the centre of the droplet before contact with the substrate 
was made. +Y indicates the direction of the metal coated face. The number of 
hours after metal deposition is given at the bottom right of each photograph. 
Scale bar represents 1mm. (b) Change in contact angles of Al and Ni on PS 
over time. Error bars indicate standard deviations of the measured values. 
Lines that join up the data points have been included to assist in the reading of 
the trends. 
 
Focusing on a single sample of hydrophobic nanofins with Ni as the 
asymmetrically deposited metal coating, the change in water contact angle of 
the sample surface was tracked over time. Substituting the time-dependent 
value of θmtl into Eqs. (4.3), (4.4) and (4.5) after various oxidative periods, it 
can be shown that this change in wetting behaviour can still be accurately 
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explained with our model and arises entirely due to an alteration of the surface 
chemistry, as shown in Figure 4-17. It can be seen that the difference between 
contact angles along the axis with anisotropic surface energy and the axis with 
isotropic surface energy grows with increasing metal oxidation over time, 
leading to a decrease in the spreading anisotropy, i.e. wetting along the axis 
with anisotropic surface energy becomes less favourable. This is mainly 
caused by a decreasing chemical driving force for spreading in the direction of 
the metal coated face, because of an increasingly hydrophobic Ni. As a 
consequence, the wetting behaviour progressively returns to one that is being 
influenced by topography alone.  
 
Figure 4-17: Evolution of θ, θeqb and S.A. with respect to changes in θmtl. The 
data points correspond to measurements taken at 0, 20, 44, 72 and 144 hours 
after metal deposition. The experimental data points and theoretical curves of 
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related measured values are given in the same colour. Error bars indicate the 
standard deviation of measured values.  
 
Despite the success of our model in describing contact angles and 
spreading anisotropy in this study, it should be noted that the use of our model 
tends to be limited to static properties of wetting as it is built mainly on 
thermodynamic principles. To account for the high wetting velocities observed 
in our experiments, studies on the factors influencing the kinetics of wetting 
on anisotropic nanostructures are required and these will be the focus of 
chapters 5 and 6.  
 
4.9 Conclusions 
In conclusion, a new discovery is presented in which controlled uni-, 
bi-, or tri-directional wetting can be achieved through the combination of 
topographic and asymmetric chemical nanostructuring of surfaces. 
Asymmetric chemical nanostructuring is accomplished by oblique deposition 
of metals on arrays of polystyrene nanostructures. Wetting was found to 
always occur preferentially in the direction of the nanostructure sidewalls with 
higher surface energy. The geometry of nanostructure arrays provides 
additional cues for wetting in other directions.  A model based on the pinning 
of the triple phase contact line was developed and shown to be in good 
quantitative agreement with observed behaviors for a wide range of materials, 
structure geometries and coating directions. This model, together with other 
insights derived from the present study, provides a means for designing 
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surfaces that can exert precise control over wetting for applications in fields 
such as microfluidics and biosensing, where the ability to manipulate wetting 
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Chapter 5  




Two dimensional (2D) wicking or hemi-wicking, is essentially the 
imbibition of fluid into the roughness of a surface under the influence of 
capillary forces1, and is an important phenomenon that forms the basis of 
many natural and engineering applications such as water uptake2, moisture 
management3, thermal management4, oil recovery5 and surface 
functionalization of microstructures6. The process can be observed when a 
drop of liquid is placed on a rough surface; a thin film of the liquid will seep 
into the surrounding surface roughness from the base of the droplet, advancing 
ahead of the droplet and darkening the area it covers.  
The velocity of the wicking front is generally accepted to follow a 
diffusive-like trend such that its displacement increases linearly with respect to 
the square root of time7,8. In the seminal work by Bico et al.7, it was proposed 
that this diffusive relationship arises out of a balance of the capillary energy 
that is providing the pressure to drive the flow and the viscous losses 
associated with fluid flow past the micro-/nano-structures. Based on this 
energy balance, Bico et al. obtained the displacement-time relationship of the 


























 ,                 (5.1) 
where h refers to the height of the micro-/nanostructures, θ is the contact angle 
the liquid makes with a flat surface of the substrate material, θc is the critical 
angle (0° ≤ θc ≤ 90°), γ and µ are the surface tension and viscosity of the 
wetting liquid, respectively.  
The role of micro-/nano-structures in retarding the rate of wicking, 
however, was generalized to an empirically determined coefficient, β, which 
represents the drag enhancement factor, i.e., the mean velocity of wicking 
flow in between micro-/nanostructures is slower than the mean velocity of 
Poiseuille’s flow over a flat plane by a factor of β.  
Previous efforts to shed light on the impedance to wicking flow caused 
by surface asperities have relied on hydraulic diameter9 and 2-dimensional 
approximations8 and have proven to be difficult without the introduction of 
fitting parameters or separation of the flow into discontinuous regimes. 
Therefore, the objective of the present work is to examine the effects of 
isotropic nanopillar and anisotropic nanofin geometries on the kinetics of 
wicking in order to derive a comprehensive model that can relate the 
geometrical parameters of the nanostructures to the rate of wicking without 




5.2 Experimental details 
 
Figure 5-1: Schematic diagram of the process flow for fabrication of Si 
nanopillars. 
 
P-type (100) Si substrates of area 1 x 1 cm2 were first subjected to 
standard RCA-I and RCA-II cleaning steps. The native oxide layer was 
subsequently removed with 1 min of immersion in HF. 300nm of positive 
photoresist (Ultra-i-123) was then spin-coated onto the Si substrates and cured 
at 90°C for 90s. To obtain an array of photoresist nanopillars or nanofins, the 
photoresist was exposed twice using IL with a HeCd laser source (λ = 325nm) 
and Lloyd’s-mirror set-up. For nanopillars, the two exposures were at right 
angle to each other and for nanofins, the two exposures were conducted at an 
angle between 0° and 90° to each other. After post-exposure baking at 110°C 
for 90s and development using Microposit MF CD-26, photoresist nanofins 
were left on the Si surface. An oxygen plasma treatment (power = 200W, 
pressure = 0.2 Torr, oxygen flow rate = 20 sccm, etching time = 30s to 45s) 
was then employed to reduce the size of the photoresist nanofins.    
Next, 30nm of Au was thermally evaporated onto the Si substrates at a 
chamber pressure of 10-6 Torr. The photoresist nanostructures were then 
dissolved with acetone in an ultrasonic bath, leaving a gold film with holes on 
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the Si surface. Metal assisted chemical etching was then carried out by 
immersing the substrates in a solution of H2O, HF and H2O2 at room 
temperature. The height of the nanofins can be controlled by the length of 
etching time which varies from 5min to 30min. The concentrations of HF and 
H2O2 were 4.6 M and 0.44 M, respectively. A standard commercial Au etchant 
was then used to remove the Au film and the samples were dried with a 
nitrogen gun after rinsing in deionized water. Figure 5-1 shows a schematic 
diagram describing the entire fabrication process. The SEM pictures of the 
nanopillars and nanofins are given in Figure 5-2.  
 
Figure 5-2: SEM images of (a) Si nanopillars of height (i) 2μm, (ii) 4μm and 
(iii) 7μm and (b) Si nanofins of height (i) 1.5μm (ii) 2.6μm and (iii) 3.1μm. 
Top views of the respective nanostructures are shown in the insets.  
 
With reference to Figure 5-2aiii, it can be seen that when the 
nanopillars become too tall (~7 μm), the high aspect ratio causes the 
mechanical stiffness of the nanopillars to be reduced significantly so that 
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capillary forces can now overcome the elastic restraining forces and cause 
permanent deformation/clumping of the nanopillars10. There is, therefore, a 
limit to the aspect ratio of the nanostructures that can be tested before they fall 
into disarray because of the clumping. 
To measure the displacement of the wicking front with time, 1μl of 
silicone oil (ρ = 760 kg/m3, γ = 3.399 ×10-2 N/m, µ = 3.94×10-2 Pas, θ = 18°) 
or deionized water (ρ = 1000 kg/m3, γ = 7.28 ×10-2 N/m, µ = 8.9×10-4 Pas, θ= 
56.32o) was deposited at one end of the sample surface and the entire wicking 
process was recorded at 1000 frames per second with a high speed camera. 
Measurements and analysis were carried out using Photron FASTCAM 
Viewer.  
 
5.3 Rate of Wicking into Isotropic Nanopillars 
5.3.1 Theoretical Model 
 
Bico et al.7 had previously established the condition for wicking to 
take place to be 











coscos                                    (5.2) 
where θ is the contact angle the liquid makes with a flat surface of the 
substrate material, θc is the critical angle (0° ≤ θc ≤ 90°), r is the roughness of 
the textured surface (ratio of the actual surface area to projected area) and s is 
the ratio of the area of the top of the nanopillars (which was assumed to 
remain dry) to the ratio of the projected area. 
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In the case of our nanopillars, 
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                                           (5.4) 
where d is the diameter, h is the height of the nanopillars, and s is the spacing 
between nanopillars (i.e. the period of the nanopillars is d+s).  
The displacement of the wicking front with time was found to follow 
the well-known diffusive relation 
                                            2
1
Dtz                                             (5.5) 
where z is the displacement of the wicking front, D is a coefficient 
independent of z and t, and t refers to the time after the start of wicking. Bico 
et al. derived D by assuming Poiseuille’s flow and equating the driving 
capillary pressure for wicking with the retarding pressure associated with 
viscous losses, obtaining 











                            (5.6) 
where γ is the surface tension of the liquid, μ is the viscosity of the liquid, and 
β is an empirically determined constant that is multiplied with the viscous loss 
pressure derived from Poiseuille flow of a fluid of height h over a flat plane7. 
The purpose of this multiplication is to account for the enhancement of 
viscous losses due to the presence of micropillars on the plane.  
Because β has to be experimentally determined, D in Eq. (5.6) cannot 
be fully predicted with theory alone. Thus, it is difficult to gain a full insight 
of how geometrical parameters of the nanopillars affect D which in turn, 
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determines the wicking kinetics. In this section, an attempt made to derive an 
analytical solution for β and verify that with experimental data. 
 
 
Figure 5-3: Approximating a unit cell (indicated by dashed black lines) of 
nanopillars as a unit cell of nanochannel that holds the same volume of liquid. 
(a) Top view of a unit cell. (b) Top view and (c) side view of a nanochannel. 
The yellow regions indicate the top of the nanostructures at y = h, which 
remains dry throughout the wicking process, while the violet regions indicate 
the bottom regions at y = 0. Flow of fluid is in the z-direction in all cases. 
 
To simplify the derivation, let us start by approximating the flow of 
fluid through the nanopillars as flow through open nanochannels that are of the 
same height, h, and length, (d+s), as a unit cell of nanopillar as shown in 
Figure 5-3. A unit cell of nanochannel can hold the same volume of fluid as a 
unit cell of nanopillar and thus the width of the nanochannel, w, can be 
calculated to be  
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.          (5.7) 
For steady state, incompressible flow in the z-direction through an 
open channel such as that shown in Figure 5-3c and ignoring gravitational 
effects  which are relatively insignificant at the scale of our experiments (i.e. 
capillary force dominates), the Navier-Stokes’ equation can be reduced to 

























                                  (5.8) 
where ΔP is the capillary pressure driving the flow and U(x,y) is the velocity 
profile. Following Bico’s derivation, 
z
P
is independent of x and y and thus 
when Eq. (5.8) is solved with the boundary conditions 
                                                           0,0 yU                                         (5.9) 
                                           00, xU                                         (5.10) 
                                           0, ywU                                        (5.11) 
                                          02, hxU                                        (5.12) 
the velocity profile can be given as 
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(5.14) 
To demonstrate the relative contribution to Umean by each term in the 
summation series in Eq. (5.14), we plot F vs m when n = 0 (Figure 5-4a) and 
F vs n when m = 0 (Figure 5-4b), 
where





2 1 2 1








   
  
. Typical experimental 
parameters of w = 1μm and h = 2μm were used to compute F.  
 
Figure 5-4: Plot of F vs (a) m when n = 0 and (b) n when m = 0. w is fixed at 1 
and h is fixed at 2. 
 
As can be observed from Figure 5-4, the value of F falls rapidly with 
increasing m or n. The second term is already smaller than the first term by an 
order of magnitude (for m = 0) or more (for n = 0), and the rest of terms are 
negligible relative to the first term. Thus, we can approximate Umean by 
considering only the first term (m=0, n=0) of the summation series in Eq. 
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(5.14) which contributes the most to the value of Umean. To take into account 
the value added to Umean by the rest of the terms, we multiply a constant C to 
the approximate the value of Umean. Thus, we have 

















                              (5.15) 
To find C, we consider the extreme case where w approaches infinity.  
In this instance, the flow of fluid is equivalent to flow on a flat plane and thus 
Eq. (5.15) will be reduced to Poiseuille’s flow over a flat plane which is given 
by 






                                       (5.16) 




Substituting this into Eq. (5.15) we obtain  
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 ), we arrive at an expression for β as 







                                        (5.18) 
From Eqs. (5.7) and (5.18), it can be seen that when the surface 
approaches a flat topography (s >> d and s >> h; h << d and h << s), β 
approaches 1 i.e. the flow approaches Poiseuille’s flow on a flat plane. On the 
other hand, when the surface approaches a very rough texture (h >> d and 
h >> s), β approaches infinity, which is to be expected, taking into 
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consideration the enormous viscous losses associated with very tall or very 
dense arrays of pillars. Note that this does not necessarily mean that wicking 
speed will be very low as the geometric parameters also influence the driving 
pressure for wicking. This will be discussed in more details later.  
For now, we consider another case, d >> s, for which β will become 
inversely related to d. This can be explained by considering the interstitial 
spaces formed when a rectangular array of cylindrical pillars join up; as the 
size of these pillars increase, the interstitial spaces for wicking to take place 
become more spacious and deterrence to wicking falls. In the extreme case 
where d >> h, β approaches 1 as viscous losses to the sidewalls of the pillars 
become negligible and the flow returns to one on a flat plane.  





 , it is easy to 
see that for the same case of d >> s, β is now inversely related to s instead. 
This is not surprising because unlike cylindrical pillars, there are no interstitial 
spaces when square pillars join up. As a result, the flow becomes more 
constricted (higher β) as s decreases and in the extreme case where s = 0, β 
approaches infinity, which is consistent with the expectation that wicking 
cannot occur on a flat surface. The above considerations show that Eq. (5.18) 
supports common, intuitive knowledge of wicking for limiting cases, thereby 




5.3.2 Comparison between Model and Experimental 
Results 
Based on Eqs. (5.2) to (5.4), we have calculated the critical contact 
angles for our samples and the values are listed in Table 5-1. Having found 
that the contact angles for water and silicone oil on flat silicon substrate are 
56.3° and 18.0°, respectively, we are able to verify that Bico’s condition for 
wicking in Eq. (5.2), θc > θ, agrees with our experiments. Water and silicone 
oil were able to wick in all the samples except sample A (no wicking for water 
droplets observed) which had a critical angle that is fairly close to the contact 
angle of water on a flat silicon surface. Since the driving pressure for wicking 







(from Eq. (5.1)), it is not surprising to find 
that wicking may not occur at all when cosθ ≈ cosθc, especially in the presence 
of slight surface defects or impurities which tend to raise the energy cost of 
wicking.  
 
Table 5-1: Critical contact angle (θc) for silicon nanopillars. 
 
Next, we studied the wetting properties of the silicon nanopillars 
surfaces by examining the wicking dynamics of silicone oil and deionized 
water. Figure 5-5 shows photographs of the spreading of an oil droplet 
pipetted onto a Si substrate with nanopillar texture on its surface.  The liquid 
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reached the top of the sample (which is about 8mm long) in about 300 s. For 
water, the wicking rate was much faster and the wetting front reached the end 
of the sample in about 10s. The difference in the wicking velocity follows the 
difference in the surface tension to viscosity ratio, γ/µ (see Eq. (5-6)), of the 
two liquids.  
 
Figure 5-5: Snapshots of the wicking process of silicone oil on silicon 
nanopillar surface (Sample B). The red dotted line marks the liquid front.  
 
Figure 5-6 shows plots of distance traveled by the wetting front versus 
the square root of time (i.e. z vs t1/2) for all our nanopillar samples. As with 
previous studies7,11,12, the linear trendlines do not continue through the point of 
origin. This deviation in the early stages of wicking may be due to the 
influence of other processes that are observed to take place right before or 
during the onset of wicking (e.g. droplet spreading in the capillary-inertia 
regime). Note that the viscous enhancement factor β can be obtained by first 
measuring the gradient of this plot (i.e. the value of D) and substituting the 





Figure 5-6: Plot of distance travelled by the wicking front against the square 
root of time for nanopillars deposited with silicone oil. 
 
The calculated (from Eq. (5-18)) and experimentally determined values 
of β are plotted in Figure 5-7. As can be seen from this figure, our theoretical 
values for β agree very well with the experimental data over a wide spectrum 
of h/w values. Note also, that the empirical values of β obtained with water 
and silicone oil are very close, thus proving that β is independent of fluid 
properties, as predicted by Eq. (5.18). The only exception to this is the data 
point at h/w = 7.1 where β (water) deviates from β (silicone oil).  This 
difference is likely due to the deformations of the mechanically weak, high 
aspect ratio (≈23) nanopillars caused by capillary forces during the wicking 





Figure 5-7: Experimental and calculated values of β. Data points for β 
(silicone oil) and β (water) are obtained with silicone oil and water 
respectively. Calculation based on our method is represented by a solid line. 
Also shown in this figure are the calculated β values of our samples based on 
the models of Zhang et al.4 and Ishino et al.8 
 
 In Figure 5-7, the β values based on the models proposed by Ishino et 
al.8 and Zhang et al.4 are also shown. Ishino et al.8 divided the wicking of 
liquid on Si micropillars into 2 cases, namely, the short pillar (the height of the 
pillars being smaller than the period of the pillars i.e. h < d + s) and long pillar 
(pillar height larger than the period i.e. h > d + s) regimes. For the short pillar 
regime, the effect of micropillars on viscous dissipation is ignored. In other 
words, the flow of the fluid past the microstructures is the same as that of 
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Poiseuille’s flow ( = 1).  For the latter regime, the viscous force is derived by 
approximating the micropillars as infinitely long cylinders (2D system). Zhang 
et al. on the other hand, modelled the fluid flow through the nanopillars as that 
through infinitely tall channels (1D system). The  values that these models 
arrive at can be expressed as 







                            for h < (d+s)                 (5.19) 
           


























   for h > (d+s)                 (5.20) 
for Ishino et al.’s  derivation,  and  






                                   (5.21) 
for Zhang et al’s derivation.  
 It can be observed from Figure 5-7 that Zhang et al.’s approximation 
for β underestimates its true value for all h/w, while Ishino et al.’s expressions 
overestimate the experimental β at high h/w ( 4) but underestimate it at low 
h/w (< 2). The reason for the deviations can be attributed to the models that 
were considered. For instance, Zhang et al. estimated the flow between the 
pillars to be Poiseuille’s flow between two flat plates (the flat plates being the 
sidewalls of the infinitely tall channel) and ignored the contribution to the 
viscous losses by the basal plane at y = 0. In addition, viscous losses were only 
considered to occur in the flow between two pillars. However, the velocity 
profile of the fluid flow when the wicking front is proceeding from one row to 
the next is not expected to be spatially constant and thus there should also be 
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viscous losses involved in those regions. For these reasons, the β values 
determined from Zhang et al.’s model are lower than the experimental values.  
As for Ishino et al.’s method, when h < (d+s), the flow between 
micropillars is assumed to be similar to flow over a flat plane.  In this case, it 
is expected that the calculated β values should be smaller than the 
experimental values because the effect of micropillars on viscous losses was 
not considered at all. For h > (d+s), Ishino et al. suggested that the 
micropillars can be considered to be infinite and thus the calculated β values 
are anticipated to be larger than the actual values.  
To further validate our theory, we calculate the β values for the 
micropillars reported by Ishino et al.8 The theoretical predictions by Ishino et 
al. and Zhang et al. are presented alongside our calculated β values and the 
experimental data for comparison purposes. The results are plotted in Figure 
5-8.  It can be seen that our model fits Ishino et al.’s experimental data very 
well, and shows a significant improvement over Ishino et al.’s theoretical 
estimation of β values when h is small. Interestingly, our model (Eq. (5.18)) 
and Ishino et al.’s model (Eq. (5.20)) converges when h increases. However, 
this is only coincidental as it can be proven mathematically that this is not true 
for all d and s values. In addition, Ishino et al.’s results agree with our 






Figure 5-8: Comparison of β values obtained by our methods and others for 
the micropillars experiment presented in Ishino et al.’s report8. Experimental 
and theoretical values are plotted as points and lines respectively. The current 
model is represented by a solid blue line. Five different test liquids (γ = 2×10-2 
N/m) were used and their respective viscosities are given in the legend. d = 
2μm and s = 8μm for all experiments. 
 
Our model (Eq. (5.18)) can also be employed to explain an observation 
previously made by Ishino et al., namely, the diffusion coefficient D becomes 
increasingly independent of nanopillar height, h, as h becomes very large. By 








  h and β  h2. Therefore, from Eq. (5-6), D will approach 
a constant value. This means that when the micro-/nano- pillars are short, the 
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capillary driving force for wicking is increased more than viscous losses 
(represented by β) with increasing pillar height, thus resulting in faster 
wicking velocity. However, as the pillars grow taller, the viscous force is 
increasing as fast as the capillary driving force with increasing height and 
therefore a maximum speed will be reached. The understanding that wicking 
velocity cannot be endlessly improved by increasing h has important 
implications for the designing of engineering applications based on wicking 




5.4 Rate of Wicking into Anisotropic Nanofins 
 
 
Figure 5-9: Schematic diagram of the nanofins. The area of the dark blue 
region is given by A and the mean velocity of the fluid in this area is assumed 
to be zero to represent the loss of driving pressure due to form drag when 
wicking occurs in z (normal) direction. Note also that p' << p for all our 
samples. The dotted line demarcates a unit cell of the nanofin. 
 
Next, we examined the dynamics of wicking into structurally 
anisotropic nanofins. A schematic diagram and details of the important 
dimensions of the nanofins are given in Figure 5-9 and Table 5-2, respectively. 
Note that Figure 5-9 also depicts an area A where the mean flow velocity is 
zero for the case of wicking in z (normal) direction - this will be explained in 
greater detail later. The fabrication and experimental procedures are similar to 
those used to study wicking in nanopillars above. 
 
A B C D E F G H I J K 
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p 3.00 1.47 0.95 0.74 1.17 0.74 1.12 1.21 1.13 1.00 0.85 
q 0.60 0.69 1.00 0.72 0.92 1.15 1.06 1.08 1.05 0.63 0.63 
m 0.26 0.19 0.19 0.21 0.25 0.16 0.25 0.28 0.27 0.18 0.15 
n 0.67 0.81 0.64 0.55 0.57 0.58 0.71 0.69 0.64 0.31 0.32 
h 2.33 1.91 2.20 1.77 3.29 3.35 3.10 2.10 1.15 2.34 1.85 
r 5.55 3.94 4.12 4.05 6.46 5.34 5.05 3.83 2.63 7.94 6.30 
s 0.24 0.13 0.11 0.14 0.17 0.09 0.13 0.15 0.15 0.22 0.18 
Table 5-2:  Geometrical parameters of nanofins used in this study where h 
refers to the height of the nanofins, and definitions of p, q, m and n can be 
found in Figure 5-9. All dimensions, except for r and s, which are 
dimensionless, are in μm. 
 
Figure 5-10 shows typical z vs. t1/2 plots for wicking in the z (parallel) 
and z (normal) directions on the same sample. As expected from Bico et al.’s 
analysis7, the plots exhibit a linear relationship between z and t1/2. Once again, 
the linear trend does not extend to the origin which is consistent with the 
results of wicking in nanopillars. In addition, it is clear that β, which is 
inversely proportional to the square of the gradient of the z vs t1/2 graphs, is 
distinctly different for z (parallel) and z (normal), even when the experiments 
are conducted on the same sample surface. This implies that nanoscale 
geometry and the forces retarding the wicking flow, as caused by the 
nanostructures, are strongly correlated. These retardation forces are essentially 
viscous drag, which arises due to shear stresses between fluid layers as a result 
of the “no-slip” condition at the fluid-solid interface, and form drag, which is 
related to the pressure distribution around the solid body. The magnitude of 
153 
 
form drag experienced by a flow is influenced by how streamlined the solid 
body is.  
 
Figure 5-10: Representative z vs. t1/2 plots obtained experimentally for wicking 
of silicone oil on a single sample surface. Best fit lines were drawn through 
the data points.  
 
5.4.1 Theoretical Model 
To establish this correlation theoretically, we first note from Figure 5-9 
that p', the length of the rounded ends of the nanofins which is not necessarily 
equivalent to m/2, is much smaller than p for the samples such that the length 





                   (5.22) 











r             (5.23) 
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Next, consider wicking in the z (normal) direction. To account for the 
energy lost to form drag, a certain volume of fluid in a unit cell of nanofin is 
designated to be stagnant. In other words, this particular volume of fluid, Vform, 
is assumed to have lost all its capillary driving pressure, ΔP, due to form drag 
and therefore, its mean velocity has fallen from Umean to zero while the 
remaining fluid in the unit cell retains ΔP and continues to flow at Umean. The 
energy loss per unit cell due to form drag caused by a single nanofin, ΔEform, 
can therefore be written as 
PVE formform       (5.24) 
Furthermore, we will assume that ΔEform is only significant if the 
nanostructure possesses flat planes that are normal to the capillary flow 
direction, as such geometry tends to cause the overall structure to be 
considerably non-streamlined i.e. there is substantial form drag for wicking in 
z (normal) due to the presence of the plane of area ph but there is no 
significant form drag for wicking in z (parallel) because the rounded ends of 
the nanofins offer no flat normal planes to impede capillary flow in z 
(parallel). This also implies that Vform can only occupy a space within the area 
pn when wicking takes place in z (normal). Therefore, with reference to Figure 
5-9, Vform = Ah = kpnh where 0 ≤ k ≤ 1. 
Since the energy lost to form drag in a unit cell of nanofin, ΔEform, is 
equal to knphΔP, we can obtain the energy loss due to form drag per unit 























. f represents the fraction of fluid that is 
stagnant, which is also equivalent to the fraction of energy lost to form drag. 
The remaining energy, dE – dEform, when averaged over the entire fluid 









 1'               (5.26) 
Note that the total capillary energy per unit length driving the flow is dE = 
PdV, where dV = (1-s)hdz. 
Eq. (5.26) can be thought of as describing a situation in which all of 
the fluid in a unit width of the sample, dV, is flowing with reduced pressure of 
ΔP' due to form drag instead of the previously described situation where a 
reduced volume of fluid, dV – dVform is flowing with the original driving 
pressure, ΔP, which is not reduced by form drag. Note that dVform = 
[Vformdz]/[(p+q)(m+n)]. The transition from the second case to the first by 
means of Eq. (5.25) and Eq. (5.26) is required because Eq. (5.6), to which β is 
applied to obtain the kinematics of wicking, is derived based on the scenario in 
the first case7. Nevertheless, it should be noted that dE - dEform is the same in 
both cases i.e. ΔP'dV= ΔP (dV – dVform). 
To account for viscous losses in z (normal) direction, a unit cell of 
nanofin is modelled as an open channel of height, h, and length, m + n, which 
contains (1 - s)(p + q)(m + n)h - kpnh amount of actively flowing fluid. This 
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is the same approximation that was previously used to model viscous losses 
for wicking in nanopillars. The width of the channel, wn, is therefore 
   qpfw sn  11    (5.27) 
and the mean velocity of flow in Eq. (5.17), taking into account form drag, can 
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normal        (5.29) 
For wicking in z (parallel) direction, there is no form drag, as 










parallel             (5.30) 
where wp = (1 - s)(m + n) for capillary flow in the z (parallel) direction. Note 
that a unit cell of nanofin is modelled as an open channel of height, h, and 
length, p + q, which contains (1 - s)(p + q)(m + n)h amount of actively 
flowing fluid for wicking in z (parallel) direction. 
The expression for β after taking into account both viscous and form 

























         (5.31) 







                                 (5.32) 
         )(1 nmw sp                     (5.33) 
          qpfw sn  11                 (5.34) 
Note also, that A = kpn. The expression of  for wicking in the parallel 
direction is similar to that for wicking in cylindrical nanopillars because f = 0 
in both cases. This, in turn, is due to the rounded ends of the nanofins and 
nanopillars which induces negligible form drag. Thus, it can be seen that the 
theoretical treatment of β presented here is a generalized version of the 
derivation of Eq. (5.18) and is consistent with the model presented above to 
elucidate the kinetics of wicking in nanopillars.  
As a preliminary check on the validity of Eq. (5.31) to Eq. (5.34), let 
us consider the effect of varying the nanofin dimensions on β. At one extreme, 
in the absence of nanostructures (p  0, p’  0, m  0, q  ∞, n  ∞), β 
(normal) = β (parallel) = 1 and the only obstruction to the capillary flow is 
viscous dissipation provided by the basal plane which is intuitively obvious. 
On the other hand, if the nanostructures are so much larger than the gaps 
between them (q  0, n  0, p  ∞, m  ∞), β (normal) = β (parallel)  ∞ 
as there is essentially no room for wicking to take place. Thus, it can be seen 




5.4.2 Comparison between Model and Experimental 
Results 
 From Eqs. (5.31) to (5.34), it can be seen that other than k (embedded 
in A), all of the variables can be determined directly by measuring the 
dimensions of the nanofins using SEM pictures. To obtain the value of k and 
investigate how it varies for different samples, we used Eqs. (5.31) and (5.32) 
and experimental values of β (normal), that is, β for wicking in the z (normal) 
direction, to determine A before plotting A against pn.  
From Figure 5-11, it can be seen that A and pn follow a linear 
relationship and therefore, k, which corresponds to the gradient of the plot, is 
constant for all samples with an approximate value of 0.912. The physical 
interpretation of this, according to our model, is that 91.2% of the fluid in the 
area of pn between two consecutive fins has completely lost its driving 




Figure 5-11: Plot of A vs. pn. Best fit line is drawn through the data points. 
Note that the best fit line, which has a gradient value of 0.912, passes through 
the origin. 
 









       (5.35) 
With Eq. (5.35), β in eq. (5.31) can now be fully predicted based on the 
geometry of the nanofins alone.  
In Figure 5-12, the computed values of β are validated against 
experimental results and it can be observed that Eq. (5.31) provides excellent 
predictions of β in both z (normal) and z (parallel) directions, indicating that 





Figure 5-12: Experimental values of (1 – f) β vs. h/w. Note that f = 0 for 
wicking in z (parallel). 
  
Other than providing a means of estimating β theoretically, Eq. (4) also 
reveals insights about the wicking process that may not be obvious at first 
glance. An example of this is the fact that β (parallel) may not always 
necessarily be smaller than β (normal) even though wicking in z (parallel) is 
subjected only to viscous drag whereas wicking velocity in z (normal) is 
retarded by both viscous and form drag. To see how this can be, let us 
consider the simplified case where 4h2/w2 >> 1 for wicking in both z (normal) 
























    (5.36) 
The relationship of β (parallel) and β (normal) is therefore dependent on the 
values f, wn and wp. While the value of 1-f is always smaller than unity, the 
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geometrical parameters of the nanofins can be tweaked such that wn/wp is 
greater or smaller than 1. In this way,  (parallel) can be made stronger or 
weaker than  (normal), respectively. Plotting the experimental values of β 
(parallel)/ β (normal) against (1-f)(wn/wp)2 for samples where h/w > 2, it can 
be seen in Figure 5-13 that this analysis holds true in experiments. 
 
Figure 5-13: Plot of β (parallel)/ β (normal) vs. (1-f)(wn/wp)2. β (parallel) > β 
(normal) in the orange region and β (parallel) < β (normal) in the smaller 
green region. No data points were expected to reside in the white regions. 
Only data from samples with h/w > 2 for both z (normal) and z (parallel) were 
used in this plot.  
 
5.5 Conclusions 
In conclusion, the dependence of wicking dynamics on the geometry of 
nanoscale surface structures was investigated with orderly arrays of isotropic 
nanopillars and anisotropic nanofins. It was found that the nanostructures 
dissipate flow energy through viscous and form drag. While viscous drag is 
present for every form of nanostructure geometry, form drag is only associated 
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with nanostructure geometries that have flat planes normal to the wicking 
direction. It was also discovered that viscous dissipation for a unit cell of 
nanofin can be effectively approximated with a channel of equivalent height 
and length that contains the same volume of liquid while energy dissipation by 
form drag per unit cell of nanofin is proportional to the volume of the fluid 
between the flat planes of the nanofins and the driving capillary pressure. With 
these findings, we are able to establish the dependence of β, the drag 
enhancement factor, on the geometrical parameters of the nanostructures. This 
is important as it provides a precise method for adjusting β, and therefore 
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Kinetics of Droplet spreading on a Two 
Dimensional Wicking Surface 
 
6.1 Introduction 
 Two dimensional (2D) wicking is a relatively new area of interest in 
wetting research, properly characterized and described only a decade ago by 
the seminar work of Bico et al.1 In that study, it was shown that when a liquid 
droplet is deposited on a hydrophilic solid surface that is sufficiently rough, it 
becomes energetically favourable for a thin film of liquid to extend from the 
base of the droplet and imbibe the surrounding roughness of the surface. 
Because it can be considered as an intermediate between spreading and 
wicking, the phenomenon is also known as hemi-wicking2.  
The characteristics of the wicking liquid film has been extensively 
studied in recent years, giving rise to a substantial amount of literature 
covering the kinetics and thermodynamics of the subject. Extrand et al.3, for 
instance, investigated the maximum spreading distance of oil droplets on a 2D 
wicking superoleophilic surface consisting of regular arrays of square pillars 
while Hay et al.4, using a hydraulic diameter approximation, examined the 
resistance to the wicking flow due to the presence of microstructures on the 
surface. We have also conducted studies on the dynamics of 2D wicking in the 
previous chapter, revealing that viscous dissipation and form drag caused by 
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surface asperities are important factors in influencing the rate of imbibition by 
the wicking film.  
 In contrast, the spreading dynamics of the droplet, from which the 
wicking film is spawned from, has received relatively less attention although 
much work has been done to elucidate the spreading of droplets on flat solid 
surfaces5–8, flat liquid surfaces5, rough surfaces9–11 and flat surfaces of 
composite chemistry11. McHale et al.11, in particular, have derived the 
displacement-time relationships for droplet spreading on flat homogeneous 
surfaces, flat heterogeneous surfaces and rough surfaces using hydrodynamic 
equations and dimensional analysis, but emphasized that their results are only 
valid when the effects of 2D wicking are excluded from consideration. Clearly, 
a systematic study on the factors influencing droplet spreading on a 2D 
wicking surface is still lacking in the literature. The objective of the present 
chapter is, therefore, to investigate how structural and chemical anisotropy of 
the surface roughness affect the spreading dynamics of a droplet deposited 
onto a 2D wicking surface. 
 
6.2 Experimental Procedure 
6.2.1 Fabrication of nanostructures 
2D wicking surfaces were produced by fabricating square arrays of 
nanopillars and hexagonal arrays of nanofins on 1cm x 1cm p-type (100) Si 
substrates using IL with the Lloyd’s mirror setup and the MACE of silicon. 
The details of this fabrication process can be found in Chapter 5. Briefly, the 
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IL system was first used to expose 400nm of spin-coated photoresist (Ultra-i-
123) on a Si substrate twice, with each exposure at right angles to one another 
for nanopillars and between 0° and 90° for nanofins. After development with a 
commercial developer Microposit MF CD-26, photoresist dots will be left on 
the Si surface. Oxygen plasma processing was then employed to remove 
residual photoresist. To perform the MACE process, 30nm of Au was 
deposited onto the surface using a thermal evaporator. Next, the removal of 
the photoresist was achieved by using acetone and ultrasonication, leaving 
behind an Au mesh with a square array of holes. Placing the samples into a 
bath containing 0.44M of H2O2 and 4.6M of HF will then cause preferential 
etching of Si under the Au mesh of holes, thus leaving behind Si nanopillars. 
The height of the nanopillars can be controlled by etching duration. Lastly, the 
Au mesh was removed with a commercial Au etchant.  
Besides structural anisotropy, the effect of chemical asymmetry of the 
nanostructures on the dynamics of droplet spreading was also investigated. 
Here, we have employed the use of structurally isotropic Polystyrene (PS) 
nanopillars fabricated with IL and O2/CF4 plasma etching. The surface energy 
of the PS nanopillar surface can be controlled using the concentration of CF4 
in the plasma. PS nanopillars with both hydrophobic ( = 115°) and 
hydrophilic ( = 75°) surfaces were fabricated. These nanopillars were then 
subjected to oblique angle deposition of Al ( = 22°) along the arbitrarily 
named Y-axis so that only one side of each nanopillar and its top would be 
coated with Al. The details of the fabrication procedure can be found in 




6.2.2 Characterization of the Droplet Spreading Process 
To examine the droplet spreading behaviour, the samples were placed 
horizontally on a microbalance shown in Figure 6-1. The purpose of the 
microbalance was to measure the exact amount of liquid that was deposited 
quasistatically ( 1mm/s) onto the center of each sample by means of a 
micropipette. 1µl - 3µl of silicone oil (ρ = 1060 kg/m3, γ = 3.399 ×10-2 N/m, µ 
= 3.94×10-2 Pa, θ = 18°) was pipetted onto the nanofins and 1µl of deionized 
water (ρ = 1000 kg/m3, γ = 7.28 ×10-2 N/m, µ = 8.9×10-4 Pa, θ = 56.32o), on 
the nanopillars. The entire droplet spreading and 2D wicking process, which 
occurred simultaneously, was recorded by a high speed camera (Photron 
Fastcam SA5) at 100 - 250 frames per second. Measurements of a, the 
distance from the center of the droplet to its edge, with respect to time, t, were 
then carried out on the captured video using the embedded software, Photron 
FASTCAM Viewer.  
 





6.3 Kinetics of Droplet Spreading on Isotropic 
Nanopillars 
 
Figure 6-2: SEM picture of Si nanopillars. Scale bar represents 2µm.  
 
An example of the fabricated Si nanopillars is shown in Figure 6-2. As 
can be seen, the nanopillars have vertical sidewalls and are arranged orderly in 
a square array, which is expected of nanostructures fabricated using the IL-
MACE method. Important geometrical parameters of the nanopillars can be 
found in Tables 6-1 and 6-2 below. 
 A B C D 
d (µm) 0.3 0.3 0.4 0.42 
h (µm) 1.66 4.18 2.66 2.64 
λ (µm) 0.9 0.75 0.9 0.9 
s 0.087 0.13 0.16 0.17 
V (mm3) 1.459 1.06 0.99 1.00 
Table 6-1: Geometric properties of Si nanopillars used to produce 
experimental data in Figure 6-5 below. d refers to the diameter of the 
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nanopillars, h refers to the height of the nanopillars, λ refers to the period of 
the nanopillars and V refers to the volume of droplet deposited onto the 
nanopillars. s can be found by taking d2/4λ2. 
 
 I II III IV V 
d (µm) 
0.3 0.3 0.4 0.3 0.3 
h (µm) 
0.83 1.66 2.66 4.18 4.76 
λ (µm) 
0.75 0.9 0.9 0.75 0.75 
s 
0.13 0.087 0.16 0.13 0.13 
r 
2.39 2.93 5.13 8 8.98 
V (mm3) 
0.89 1.46 0.99 1.06 1.00 
Table 6-2: Geometric properties of Si nanopillars used to produce 
experimental data in Figure 6-6 below. r refers to surface roughness which can 
be found by taking dh/λ2 + 1. 
 
6.3.1 Results and Observations 
A typical result of water droplet spreading on such nanopillars is 
presented in Figure 6-3. When a droplet contacts and spreads on the Si surface, 
the droplet edge and the wicking front are initially almost indistinguishable. 
Approximately 10ms after deposit of the droplet, however, a disparity in the 
kinematics of the two entities begin to set in, causing them to increasingly 
separate from each other over time (Figure 6-3a). In this time period (t > 
10ms), the edge of the wicking film was found to always be ahead of the edge 
of the droplet (Figure 6-3c). In addition, it can also be seen that the droplet 
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stops spreading after it reaches a maximum distance, a, while no such limit 
seems to exist for the spreading of the wicking film. This observation is also 
supported in other reports1,3. Lastly, it was noted that while the wicking film 
spreads in accordance to the proven diffusive relationship, a  t1/2 1,2 which 
arises out of a balance between the capillary force and the viscous dissipative 
force, the spreading of the droplet appears to follow a different power law, as 
the droplet edge decelerated much more rapidly after the initial stages. 
It is known that when a droplet first contacts a surface, the earliest 
stage of droplet spreading (t < 10ms for our study) is dominated by the 
balance between Laplace pressure and the inertia of the droplet, which leads to 
a characteristic a  t relationship, where  generally ranges from 0.3 to 0.5, 
depending on the wettability of the surface12,13. We shall term this stage, the 
Capillary-Inertia regime since Laplace pressure arises from surface tension. 
Our results show that both the droplet and the wicking film were influenced by 
this balance of capillary and inertia forces to similar extents in the early stages. 
This is reasonable since the curvature and mass of the droplet are the most 
crucial factors affecting the dynamics of spreading in this regime12,13 instead 
of the substrate surface properties which give rise to 2D wicking. 
In the later stages (t > 10ms), droplet spreading becomes determined 
mainly by the balance of capillary energy and viscous dissipation (i.e. the 
Capillary-Viscous regime), which explains the a  t1/2 relationship for the 
wicking front1,14. This latter regime shall be the focus of this study, where the 
dynamics of spreading are expected to be more affected by the presence of 
nanostructures on the surface and because of practical limitations in our 




Figure 6-3: (a) Top view and (b) side view a droplet spreading on a 2D 
wicking surface. The solid arrow points to the droplet edge while the dashed 
arrow points to the wicking front. Scale bar represents 1mm. (c) 
Representative plot of a vs t for the droplet edge and wicking front. The 
vertical dashed line marks t = 10ms and the curve represents the function a  
t1/2. 
 
6.3.2 Theoretical Model 
To quantitatively understand the relationship between a and t for 
droplet spreading, we begin by considering a model such as that illustrated in 
Figure 6-4, based on our observations presented above. In this model, the 
wicking film, which precedes the droplet edge, has filled up the space between 
the nanopillars, leaving only the top of the nanopillars dry. Therefore, the 
droplet, which assumes the shape of a spherical cap, spreads on a flat, 
composite surface made up of s fraction of solid and (1-s) fraction of liquid. 
At the edge of the droplet where it meets the composite surface, the liquid-
vapour surface deforms from its spherical cap shape to form a microscopic 
173 
 
liquid wedge and precursor film15, the profiles of which we will model here 
simply as a flat film with a thickness of  (Figure 6-4). 
 
Figure 6-4: Schematic diagram showing a droplet spreading on a wicking film 
imbibed between the nanopillars. The sides, but not the top, of the nanopillars 
are wetted by the wicking film. The size of the precursor film has been 
exaggerated for clarity. 
 
 For simplicity, we will assume that the spreading of the droplet across 









                    (6.1) 
where U is the velocity of the edge of the droplet, µ is the viscosity of the 
liquid and ΔP refers to the capillary pressure driving the droplet spreading.  
Since it has been proven that the wicking film essentially advances 
using only the capillary energy it gains from wetting the nanopillars as it 
spreads, it can be construed that likewise, droplet spreading is driven only by 
the capillary energy the droplet gains as it wets the composite surface. In other 
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words, the wicking film and the droplet can be considered as independent 
systems. ΔP can therefore be expressed as  






   ,                                    (6.2) 
where 2πa is the volume of fluid acted on by the capillary pressure to cause 
droplet spreading. dE is the capillary energy gained by the system when the 
droplet spreads an infinitesimal distance of da. 
dE
da
can be found by the 
addition of two components – the increase in surface energy due to the 
flattening of the curved spherical cap surface, 
dS
da
, the decrease in surface 
energy due to the obliteration of s fraction of solid surface and (1 - s) 





To find the first term, let us consider the equation for the surface 
energy of the curved surface of the droplet: 
                                        2 2( )S a H  ,                                        (6.3) 
where γ is the surface energy of the liquid-vapour interface. Hence, 













  .                                   (6.4) 
Since the volume of the droplet, V, can be given by 
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  .                  (6.6) 
Note that for Eq. (6-5), we have assumed that the majority of the liquid 
remains in the spherical cap shape of the droplet, with an insignificant amount 
of liquid constituting the hemi-wicking film. This generally holds true for the 
time period we are interested in (t ≤ 0.3s). Substituting Eq. (6.5) and Eq. (6.6) 
into Eq. (6.4), we can write 












  .                                (6.7) 
As for the second term, it can be easily found as 




                             (6.8) 
by considering the surfaces created and destroyed when the droplet edge 
advances by da. γSV refers to surface energy of the solid-vapour interface and 
γSL refers to the solid-liquid interface. s refers to the fraction of solid area in 
the composite surface and  refers to the contact angle the liquid makes with a 
flat surface of the solid. Substituting Eqs. (6.7) and (6.8) into Eq. (6.2), we 
obtain 
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  .                (6.9) 
With Eq. (6.9), we can then re-write Eq. (6.1) as  
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From Eq. (6.10), it can be observed that the droplet will stop spreading (U = 0) 
when 









  .                             (6.11) 
It is worth noting that the geometry of the spherical cap shape of the droplet 
gives 









   ,                                        (6.12) 
where * is the apparent contact angle of the droplet. In the limit of small 
angles, sin* ≈ * and cos* ≈ 1-*2/2. Eq. (6.11) can therefore be re-written 
as  












                                     (6.13) 
Hence, the droplet will stop spreading when an apparent contact angle of * 
that satisfies Eq. (6.13) is attained. Note that the contact angle of the droplet 
will not stay as * but will, instead, diminish over time as the wicking film 
continues to spread and drain the droplet. However, for the time period where 
the droplet generally stops spreading (t ≤ 0.3s), we have verified that the 
volume of liquid taken up by the wicking film is negligible and can be ignored 




6.3.3 Comparison between Model and Experimental 
Results 
In Figure 6-5, we compared * predicted by Eq. (6.12), which was 
derived through a kinetics approach, with that predicted by Bico et al.1,2 using 
a thermodynamics approach, 
      cos * 1 1 coss                                       (6.14) 
It can be observed that there is little difference between the results of Eqs. 
(6.13) and (6.14) except at large value of * (i.e. small cos*) where our small 
angle approximation of * breaks down. This is not entirely unexpected as 
both the kinetic and thermodynamic approach share the common assumption 
that capillary energy gained by the droplet during spreading is the main 
driving force for wetting. As can be seen from Figure 6-5, our experimental 
results support this assumption along with results from other studies1,2. The 
good agreement of Eq. (6.13), Eq. (6.14) and experimental data serves to 
validate our analysis up to this point. 
 
Figure 6-5: Plots of Eq. (6.13) (solid lines) and Eq. (6.14) (dashed lines) for 




Going further, we noted from our experimental data that for the 
Capillary-Viscous regime of droplet spreading we are interested in, a/H >> 1. 
Droplet shapes with a/H ≤ 1 are mainly found in the preceding Capillary-





 , where V 
refers to the volume of the droplet deposited. As such, Eq. (6.13) can be re-
written as  




















                       (6.15) 
Note that we have substituted U with da/dt in the above equation. The 
integration of Eq. (6.15) cannot be performed easily and requires some 
simplification. Therefore, we make the following approximation, 
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< 1. Combining Eqs. (6.15) and (6.16) and integrating, we 
can obtain 
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where t is a constant. Knowing that the Capillary-Inertia regime transits to 
the Capillary-Viscous regime at t = 2.5 (3V/4γ)0.5 when a = 2(3V/4)1/3 for 
the parameters of this study13, we can find  
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(6.18) 
Note that  refers to the density of the liquid droplet. For simplicity, we shall 
assume that t is negligible compared to the other terms in Eq. (6.17). This 
assumption will be validated later when the value of  is found and substituted 
into Eq. (6.18).  
  Thus, we finally arrive at                                
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          (6.19) 
Figure 6-6a shows a typical plot of t versus X where X 
represents









       
  . It can be seen 
from the plot that the relationship between t and X is indeed linear, as 
predicted by Eq. (6.19). It can also be observed that there is a small but finite 
value for the y-intercept which is likely caused by the extended effects of the 




Figure 6-6:  (a) A representative plot of t versus X. (b) Plot of gradient, 3µ/γ, 
versus r. Dashed line shows the average value of the data points. 
 
To further verify our analysis, we obtained the gradients of t versus X 
plots from 5 samples, each having a different surface roughness, r. This 
surface roughness can be varied by changing the height of the nanopillars and 
its quantitative value is given by the ratio of the actual solid surface area to the 
projected area. As can be seen from Figure 6-6b, the value of the gradient and 
therefore, the droplet spreading behaviour, is not dependent on r.  
This result is in line with our analysis which is based on the 
assumption that regardless of the height of the nanopillars, they would be 
immersed in the wicking film for the full length of their height. Therefore, the 
droplet will spread on the same composite surface (if s and  are the same) 
even if the surface roughness of the samples is different, leading to the 
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observed invariance of droplet spreading behaviour with respect to r. This is 
succinctly described by Eq. (6.19) which shows that the relationship between 
a and t will only depend on γ, µ, , s, V and  but not r.  
In addition, from Eq. (6.19) and the average value of the gradients in 
Figure 6-6b, we find that  = 12µm. This calculated size of the precursor film 
corresponds very well with that observed in SEM pictures (10 – 20µm)16 and 
further validates our analysis. The fact that  is a constant is not surprising 
given the fact that the droplet volume and surface on which it is spreading is 
similar (due to the composite nature of the surface) across the samples. 
Substituting the value for  back into Eq. (6.19) will then provide us with a 
complete description of the kinetics of droplet spreading on a 2D wicking 
surface made of Si nanopillars. From Figure 6-7, it can be seen that there is 
very good agreement between our experimental a versus t data and the 
relationship described in Eq. (6.19), especially when the binomial expansion is 




Figure 6-7: Plot of a vs t. The different lines show the binomial approximation 
in Eq. (6.19) carried out to different number of terms respectively. 
 
There are a few interesting insights that can be learned from our study. 
For instance, the dynamics of droplet spreading on a 2D wicking surface is 
found to be much more affected by the properties of the liquid droplet than the 
solid surface it is spreading on. This is evident from the relative lack of 
dependence of Eq. (6.19) on s (1 - cos) as compared to γ, µ and V.  
In fact, the coefficients in the second and third term in Eq. (6.19) are so 
small that the terms are only significant at large values of a (see Figure 6-7). 
Therefore, in the early stages of wetting in the Capillary-Viscous regime 
where a is relatively small, the second and third term of Eq. (6.19) can be 
ignored so that  
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In other words, a  t0.125. However, as a increases, the second and third term 
of Eq. (6.19) becomes significant and add to the value of t so that for a given a, 
t is larger in Eq. (6.19) than in Eq. (6.20). Therefore, if Eq. (6.19) is fitted to 
the form of a  tn, n would be smaller than 0.125. This result agrees well with 
that of McHale et al.’s11 more stringent derivation of the a – t relationship for 
a droplet spreading on a composite surface, a  t0.1. We note, however, that 
our approach offers a far more complete description of the a-t relationship, 
thus allowing us to obtain more insights into the dynamics of droplet 




6.4 Kinetics of Droplet Spreading on 
Structurally Anisotropic Nanofins 
6.4.1 Effects of Structural Anisotropy 
 
Figure 6-8: SEM images of nanofins viewed at (a) 40° tilt and (b) without tilt. 
Scale bars represent 2µm. (c) Anisotropic and (d) isotropic droplet shapes at 
different times of wetting. Scale bars represent 1mm. The dotted arrow points 
to droplet edge and regular arrow points to edge of wicking film.  
 
Figures 6-8a and 6-8b show SEM images of some of the Si nanofins 
employed in this study. Note that in Figure 6-8b, we have also defined the X- 
and Y-axes to be parallel to the long side and short side of the nanofins, 
respectively. This convention shall be used throughout this section. Important 




 p (µm) q (µm) m (µm) n (µm) h (µm) s V (mm
3) 
Fin A 0.63 0.86 0.11 0.75 2.21 0.044 2.3 
Fin B 1.21 0.94 0.30 0.70 3.29 0.133 2.5 
Fin C 0.47 1.52 0.19 0.81 5.46 0.035 2.9 
Fin D 1.28 0.94 0.33 0.63 2.33 0.157 2.3 
Fin E 0.35 0.07 0.18 0.27 0.30 0.257 1.5 
Fin F 0.40 0.17 0.18 0.26 0.46 0.229 3.4 
Fin G 1.21 1.08 0.28 0.69 2.10 0.119 3.2 
Fin H 1.13 1.05 0.27 0.64 1.15 0.120 2.0 
Table 6-3: Geometric properties of Si nanofins used in this study. The various 
geometric parameters, p, q, m and n have the same meaning as those in 
Chapter 5, specifically that of Figure 5-9.  
 
When 1 to 3µl silicone oil droplets were deposited on the Si nanofins, 
the process captured by a high speed camera operating at 100 fps, the oil 
droplets were initially observed to spread rapidly in an anisotropic manner, 
becoming longer in the X-axis than the Y-axis (Figure 6-8c). No wicking film 
was observed at this stage. As wetting proceeds, however, the droplet began to 
adopt an increasingly isotropic profile until the distance between the droplet 
edge and the droplet centre, a, is the same for both X- and Y-axes (Figure 6-
8d). A wicking film that advances ahead of the droplet edge can be found at 




Figure 6-9: (a) a-t plot and (b) t- plot of a 2µl silicone oil droplet on 
nanofins. (c) a-t plot and (b) t- plot of a 2µl silicone oil droplet that was 
artificially made longer in the Y-axis than the X-axis in the initial stages. 
 
These qualitative observations were reflected in quantitative 
measurements of a vs t as shown in Figure 6-9a. It was found that, in the 
absence of external interference, the a-t plot of the droplet in the Y-axis was 
always displaced by a positive t with respect to that of the X-axis as a result 
of the initial anisotropic shape of the droplet. Moreover, the a-t plots for both 
the X- and Y-axes fit closely to the displacement-time equation derived for an 
isotropic droplet spreading on a 2D wicking surface (Figures 6-9a and 6-9b),     
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where γ refers to the surface tension, µ is the viscosity of the fluid,  is an 
empirically determined parameter which is related to the thickness of fluid at 
the foot of the droplet within which viscous dissipation is taking place, V is the 
volume of droplet, s refers to the solid fraction of the composite surface the 
droplet is spreading on and  is the contact angle the droplet makes with a flat 
surface of the substrate material. Since the gradients of the t- curves are 
similar for the X- and Y-axes (Figure 6-9b),  is of approximately the same 
value for both axes.  
 The above observations hold true even when the droplet was 
artificially elongated in the Y-axis initially (Figure 6-9c and 6-9d). Using the 
tip of the pipette, the droplet was smudged in the Y-axis so that it becomes 
longer than the X-axis in the initial phase. As a result, the a-t curve of the X-
axis becomes displaced by a positive t with respect to the Y-axis. However, 
both a-t curves remain in good agreement with Eq. (6.21) and there is, again, 
no significant difference between the gradients of the t- curves for both axes 
(Figure 6-9d).  
 These results clearly show that there are two distinct regimes for 
droplet spreading on 2D wicking surfaces. In the first regime (t < 0.05s), the 
droplet rapidly adopts an elliptical cap shape upon contact with the nanofins. 
Recent evidence17 have suggested that during the early stages of droplet 
spreading on a 2D wicking surface, the wicking film has yet to advance ahead 
of the droplet edge, which basically means that the droplet is spreading in the 
Wenzel state. Indeed, a comparison between the elliptical cap shape shown in 
Fig. 1c with the shape of droplets deposited on nanofins that do not cause 2D 
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wicking (i.e. droplet stays in Wenzel state throughout wetting process)18 
shows that they are similar.   
 The anisotropic wetting of the droplets in the first regime can then be 
attributed to uneven pinning forces on the contact line in the X- and Y-axes as 
it was previously demonstrated in Chapter 4 that, for the parameters of our 
study, the longer edge of the nanofin normal to the Y-axis causes a longer 
pinning length which translates to a stronger resistance to wetting in the Y-axis.   
 As this Wenzel spreading regime transits into the next regime, 
however, the emergence of the wicking film changes the rough, chemically 
homogeneous surface that the droplet was spreading on to a flat, chemically 
heterogeneous surface. As mentioned earlier, the consequence of this is that 
the droplet spreading dynamics is changed to one that can be described by Eq. 
(6.21). Since Eq. (6.21) was originally derived for an isotropic droplet of 
spherical cap shape (see Eq. (6.17)), the good fit between the experimental and 
calculated a-t trends is rather unexpected. This is most likely due to the 
relatively low anisotropy of the droplets exhibited on nanofins, which makes 
Eq. (6.21) a valid estimation for the a-t relationship of droplets spreading on 
such 2D wicking surfaces. Also, since the droplet approaches a spherical cap 
shape as wetting proceeds, Eq. (6.21) becomes more and more accurate over 
time. 
 A useful aspect of Eq. (6.21) is that it can explain this increasing 
isotropy in the droplet shape in this second regime. Differentiating Eq. (6.21), 
it can be seen that the speed of advance by the droplet edge, da/dt, is inversely 
related to a. Because of the droplet’s initial anisotropic shape, a (Y-axis) will 
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be smaller than a (X-axis). This causes da/dt (Y-axis) to consistently be greater 
than da/dt (X-axis) until t >> t, when a (Y-axis) ≈ a (X-axis).  
Next, we investigated the influence of the composite surface chemistry 
on  which can be determined from the gradients of t- plots. This surface 
chemistry can be characterized by *, the thermodynamic equilibrium contact 
angle of the surface that is given by1 
 cos * 1 1 coss     .   (6.22) 
Plotting  against * in Figure 6-10a, we obtained the relationship  = 
K/*, where K = 0.0129 mm rad, which is consistent with the relationship 
previously derived by Joanny et al. for the thickness of the precursor film at 
the transition from the droplet foot to precursor film and the contact angle 
exhibited by the droplet foot on the surface19. Physically, this result suggests 
that viscous dissipation takes place increasingly in the bulk of the droplet as 
* falls. This is not entirely unexpected as reports have indicated that a 
completely wetting surface (* = 0°) will cause a deposited droplet to form a 
wetting layer of macroscopic thickness within which viscous dissipation 
occurs throughout8. In this case,  should be equivalent to the thickness of the 
wetting layer which represents the cut-off length for the relationship  = K/*. 
Of more immediate relevance,  = K/* gives the reason for the identical 
gradients of the t- plots for X- and Y-axes of the same sample; since * is the 




Figure 6-10: (a) Plot of  vs *. (b) Plot of a/H vs s. Schematic diagrams 
illustrating (c) contact line pinning for wetting in the Wenzel state and (d) lack 
of contact line pinning for wetting on a 2D wicking surface in the second 
regime. Orange – Side view of nanostructure. Blue – Liquid. Black line – 
Liquid - vapour interface. 
 
 We have also characterized the shape of the droplets after they have 
come to rest. We then compare them to the expected shape using Eq. (6.11). 
The validity of Eq. (6.11) can be checked by considering the extremes. On one 
hand, if the droplet is spreading on a completely liquid surface (s = 0), Eq. 
(6.11) yields a/H  ∞, which is reasonable, considering the droplet will 
simply merge into the liquid surface, forming an infinitely thin film. On the 
other hand, if the droplet is spreading on a completely solid surface (s = 1), 
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Eq. (6.11) yields a/H = [(1+cos)/(1-cos)]1/2. This a/H ratio corresponds to 
the case where the droplet makes a contact angle of  with the surface, which 
is the expectation for s = 1. From Figure 6-10b, it can be seen that the 
experimentally measured values of a/H agree very well with the calculated 
values.  
It is worth noting that the droplet shape described by Eq. (6.11) 
corresponds to the thermodynamic equilibrium shape (i.e. Eqs. (6.11) and 
(6.22) actually describe the same droplet shape), implying that the droplets on 
2D wicking surfaces come to rest at their most stable states. This is a unique 
result that is in marked contrast to Wenzel and Cassie-Baxter states of wetting, 
where droplets come to rest in metastable shapes as a result of contact line 
pinning at the top of the nanostructures16,20. Clearly, contact line pinning is 
absent for droplets spreading on a composite surface made up of the droplet 
fluid and solid substrate material as illustrated schematically in Figures 6-10c 
and 6-10d.  
For Wenzel or Cassie-Baxter states, the droplet edge has to rotate by a 
certain contact angle before it can move past a row of nanostructures and wet 
the next row (see Chapter 4). Using the example of Figure 6-10c, it can be 
seen that the driving force for wetting must be able to rotate the droplet edge 
by 90° to wet the nanostructure sidewall before it can advance. Once the 
driving force, which decreases as the wetted area increases, falls below this 
minimum level, wetting will stop. In other words, the droplet will come to rest 
before the driving force for wetting becomes zero. However, for 2D wicking 
surfaces, the wicking film essentially eliminates the need for the droplet edge 
to rotate its contact angle before it can advance (Figure 6-10d). This is because 
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the minimum contact angle required for the droplet edge to pass from the top 
of the nanostructure to the top of the wicking film is 0°. Since the droplet edge 
makes a contact angle greater than 0° at the top of the nanostructure, the 
droplet edge does not experience any resistance to wetting in the form of 
contact line pinning and the droplet only stops when the driving force for 








Figure 6-11: (a) Time resolved pictures of droplet wetting on a chemically 
anisotropic 2D wicking surface. The droplets have been traced out in white 
dotted lines in the first two pictures to enhance visibility. Red diamond 
indicates the instantaneous centre of the droplet. Scale bars represent 1mm. 
Orientation of chemical anisotropy also shown in the schematic diagram 
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depicting the top view of a nanopillar. Green – PS. Yellow – Al coating. (b) 
Schematic diagram showing the asymmetry in wetting. (c) a vs t plots in +Y, -
Y and the X-axis for hydrophilic and hydrophobic PS nanopillars. (d) a vs t 
plot using the modified value of a (Y-axis). For the calculated plot,  =10µm 
was used. 
 
When 1µl of deionized water droplets were deposited onto PS 
nanopillars with one side coated with a more hydrophilic metal, it was found 
that the droplet, spreads more in the +Y direction than the –Y direction 
(Figures 6-11a and 6-11b). Note that there is chemical anisotropy in the Y-axis 
(the Al side of the nanopillars faces +Y but the PS side faces –Y) (Figure 6-11b) 
but not in the X-axis. The geometric parameters of the nanopillars are given in 
Table 6-4 below.  





0.05 0.58 0.05 0.58 1.14 0.005 1.0 
Pillar 
B 
0.12 0.51 0.12 0.51 1.30 0.028 1.0 
Table 6-4: Geometric properties of PS nanopillars used in this study. The 
various geometric parameters, p, q, m and n have the same meaning as those in 
Chapter 5, specifically that of Figure 5-9. Pillar A refers to the sample with 
hydrophobic PS and Pillar B refers to the sample with hydrophilic PS. 
 
Like the case of droplet spreading on nanofins, we observed 
anisotropic wetting in the initial stage of droplet spreading prior to the 
195 
 
adoption of a more isotropic spherical cap shape by the droplet. Once again, 
the wetting anisotropy in the initial stage is a direct result of the droplet being 
in the Wenzel state and the similarity between the droplet shapes observed 
here and the droplet shapes reported for Wenzel state wetting of the same 
nanostructures (see Figure 4-6 in Chapter 4) lends support to the claim. As can 
be expected, the different extents of wetting (a(+Y) > a(+X) = a(-X) > a(-Y)) in 
the various directions is caused by the differences in pinning strength on the 
contact line with the most hydrophilic side (Al coated) having the least 
strength and the most hydrophobic side (PS) having the most. 
 Interestingly, as the droplet became more isotropic in the second 
regime, the anisotropy in wetting lengths appeared to remain intact (Figure 6-
11c). However, it should be noted that the values of a in Figure 6-11c were 
obtained with respect to the original centre of the droplet (marked by the 
dashed white line in Figure 6-11a) whereas a in Eq. (6.21) refers to the base 
radius of the droplet which is given by the distance from droplet edge to the 
instantaneous centre of the droplet. As can be seen in Figure 6-11a, the actual 
centre of the droplet was constantly shifting in the +Y direction during the 
wetting process. Compensating for this shift, we can modify a using a (Y-axis) 
= 1/2[a (+Y) + a (-Y)] so that a (Y-axis) now represents the base radius of the 
droplet in the Y-axis and comparisons between experimental a-t trends can be 
made with Eq. (6.21).  
From Figure 6-11d, it can be seen that when a (Y-axis) is plotted in the 
stead of a (+Y) and a (-Y), all of the four a-t curves in Figure 6-11d collapses 
into a single curve that follows Eq. (6.21). The implication of this is that, like 
structural anisotropy, chemical anisotropy causes wetting asymmetry in the 
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first regime. In the second regime, however, the wetting anisotropy reverses 
because of differences in da/dt values and the droplet regains isotropy in its 
shape, after which spreading becomes isotropic. This is reasonable once we 
consider the fact that the wicking film effectively eliminates the chemical 
anisotropy when it fills up the space between the nanopillars, leaving only an 
isotropic, flat, composite surface of Al and water for the droplet to spread on 
(Figure 6-11b). It is for this same reason that the a-t plots for both 
hydrophobic and hydrophilic PS follow the same trend in Figure 6-11d.  
 It is also worth noting that the droplets deposited on chemically 
anisotropic 2D wicking surfaces eventually came to rest in the shape predicted 
by Eqs. (6.11) and (6.22). The experimentally observed contact angles for the 
samples with hydrophobic and hydrophilic PS are 3.7° and 3.2°, compared 
with the theoretical predictions of 1.6° and 3.7° respectively. Note that the 
slight discrepancy between the theoretical predictions and experimental results 
is within measurement uncertainty. As with the case of structural anisotropy, 
chemical anisotropy introduces no contact line pinning forces that restrict the 
droplets from reaching their thermodynamically stable state.  
 
6.6 Conclusions 
We have investigated the effects of structural and chemical anisotropy 
of nanostructures on the dynamics of droplet spreading on a 2D wicking 
surface. It was found that in the early stages of droplet spreading, the droplet 
adopts the Wenzel state wetting and both structural and chemical anisotropy 
will cause the droplet shape to become anisotropic, elongating in the axis or 
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direction with the least resistance to wetting. This is followed by the advance 
of a wicking film ahead of the droplet edge that causes the droplet to 
effectively spread on a composite surface of solid and liquid phases. The 
wicking film eliminates pinning forces so that the droplet can spread 
uninhibited in all directions, thus helping it regain isotropy in its shape over 
time. We have also shown that the rate of droplet spreading in the capillary-
viscous regime on a 2D wicking surface can be simply described by a model 
that balances the gain in capillary energy of the system with the viscous losses 
of fluid flow, regardless of the type and level of anisotropy and roughness 
inherent in the nanostructures. This model has also been shown to accurately 
predict the shapes of the droplets when they come to rest and gives insights 
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Chapter 7  




 The effects of structural and/or chemical anisotropy of ordered arrays 
of nanostructures on the behaviour of liquid droplets were investigated. The 
study began by examining methods for fabricating structurally isotropic and 
anisotropic nanostructures.  
It was found that interference lithography was a viable patterning 
technique for generating ordered arrays of such nanostructures over large areas 
(≈1cm x 1cm). Metal assisted chemical etching (MACE) was then employed 
to transfer the patterns onto Si substrates because of the simplicity of the 
technique and its ability to generate high aspect ratio Si nanostructures with 
good dimensional fidelity with respect to the original features in the metal 
mask. In addition, it was found that low power plasma etching can be used to 
transfer the IL patterns onto polymer substrates. Compared with MACE, this 
technique has the advantage of modifying the surface energy of the 
nanostructures although it also has the disadvantages of limited nanostructure 
aspect ratios and a more complicated process flow. Lastly, it was shown that 
chemical anisotropy of each nanostructure in an array can be produced by the 
thermal deposition of a metal at an oblique angle to the substrate. 
When a liquid droplet was deposited onto ordered arrays of 
nanostructures with chemical anisotropy, it was discovered that wetting, in the 
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Wenzel state always occurs preferentially in the direction of the nanostructure 
face with higher surface energy. This has been attributed to a reduced pinning 
force acting on the contact line when it advances in that particular direction. 
By adding structural anisotropy to the chemically asymmetric nanostructures, 
the contact line can be further pinned in other directions so as to achieve uni-, 
bi- and tri- directional wetting. A quantitative model was also developed to 
describe the equilibrium contact angles and droplet shapes and was found to 
agree very well with experimental data.  
 If the droplet is deposited onto chemically isotropic Si nanostructures 
with aspect ratios above a certain value, a thin film of liquid from the droplet 
will wick into the space between the nanostructures ahead of the droplet edge. 
It was verified that the wicking velocity follows a diffusive relationship where 
the displacement of the wicking front increases linearly with respect to the 
square root of time.  
To find out how the presence of nanostructures obstruct fluid flow in a 
wicking film, an analytical model was developed to relate the geometry of the 
nanostructures to the impedance they cause to the fluid flow in the wicking 
film. In this model, it was found that if the nanostructure geometry is 
streamlined, the nanostructures cause the fluid flow to lose energy through 
viscous dissipation only. However, if the nanostructure geometry is not 
streamlined, both viscous dissipation and form drag play a role in expending 
the energy of the fluid flow.  
Viscous dissipation caused by the nanostructures can be estimated by 
modelling the spaces between the nanostructures as nanochannels. The width 
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of each nanochannel is a function of the area occupied by each nanostructure 
in a unit cell in the array. The shorter the nanochannels and the wider they are, 
the less viscous dissipation the nanostructures cause.  
On the other hand, energy dissipation by form drag was found to be 
proportional to the area of non-streamlined geometry. For instance, in the case 
of an array of flat planes perpendicular to the direction of fluid flow in the 
wicking film, it was found that form drag would cause approximately 90% of 
the fluid between the flat planes to lose their energy completely and stagnate. 
As a result, the introduction of structural anisotropy to nanostructures 
on a 2D wicking surface tends to cause the wicking film to become anisotropic 
as the nanostructures’ impedance to fluid flow becomes uneven in different 
directions. With reference to the example of nanofins, since one axis is 
streamlined (fluid flow is only subjected to viscous dissipation) and the other 
axis is not (fluid flow is subjected to both form drag and viscous dissipation), 
the wicking velocity will be different for each axis of the nanofins. This is not 
always the case, however, as it has been shown that, if desired, the geometry 
and arrangement of the nanofins can be adjusted such that the wicking velocity 
in the non-streamlined axis becomes the same or even faster that in the 
streamlined axis. 
As for droplets spreading on the nanostructures, it was found that there 
are two stages in the spreading process. In the first stage, the wicking film has 
yet to emerge and thus, the droplet is essentially spreading in the Wenzel state 
where there is active pinning of the contact line on the top edge of the 
nanostructures. Structurally or chemically anisotropic nanostructures would 
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then cause uneven pinning forces in different directions, resulting in 
asymmetric wetting and anisotropic droplet shapes. 
As droplet spreading progresses into the second stage, the emergence 
of the wicking film ahead of the droplet edge forms a flat, liquid-solid 
composite surface for the droplet to spread on. In this way, the wicking film 
releases the contact line from pinning forces, thus allowing anisotropic 
droplets regain isotropy in their shapes over time. An analytical model was 
proposed that predicts the velocity of the droplet edge and the resting shape of 
the droplet, with very good agreement found when compared with 
experimental data. Unlike the diffusive displacement-time relationship for 
wicking, the displacement of the droplet edge changes linearly with respect to 
the tenth root of time.    
The work presented in this thesis significantly expands our knowledge 
and understanding of the interaction of liquid droplets with nanostructures by 
demonstrating that the asymmetry of the nanostructures in shape and/ or 
surface chemistry can radically influence the shape of droplets and the speed 
of wetting/ wicking in different directions, in ways that were previously not 
known. In addition, it also established that the freedom of movement of the 
triple phase contact line is a critical aspect of the wetting process that must 
always be considered when examining the kinetics of wetting. Lastly, the 
analyses presented here show that for the order of the length scale of 
nanostructures used in this thesis (100nm), laws based on continuum 
mechanics (e.g. Navier-Stokes equation) can still be employed to explain 
experimental results in a satisfactory manner.  
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These insights are expected to contribute to the development of devices 
in many fields where solid-liquid interfaces are generally difficult to avoid, 
such as microfluidics, biology, nanoparticle formation and processing, 
materials for directional drag reduction and fluid-based thermal management. 
 
7.2 Recommendations for Future Work 
 While much has been done to illuminate the interaction between 
asymmetric nanostructure arrays and liquid droplets in this dissertation, there 
remains several important questions that should be explored with future 
research endeavours on this topic.  
Firstly, the proportionality constant of 0.912 for form drag caused by 
wicking flow past nanofins in the non-streamlined axis is an empirical value. 
It would be necessary to see if this value changes with the substrate material 
and the type of liquid that is deposited. Computer simulations of fluid flow 
past an array of nanofins could also help shed light on the value of the 
proportionality constant. These results have important implications for 
wicking applications and micro-/ nano- mixers in microfluidics. 
Secondly, the rapid rate of directional wetting on nanostructures with 
surface energy asymmetry when compared to directional wetting on 
structurally asymmetric nanostructures is still unexplained. Although the 
groundwork for such a study has been established with the studies on the 
kinetics of droplet spreading on 2D wicking surfaces, directional wetting on 
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chemically anisotropic nanostructures occurs mostly in the Wenzel state, 
which is a much harder system to model.  
Thirdly, it would be worthwhile to carry out experiments measuring 
the strength of adhesion of droplets on chemically anisotropic nanostructures. 
Our observations of directional wetting on such nanostructures strongly 
suggest that directional adhesion is also possible on these surfaces. If so, 
chemically anisotropic nanostructures can potentially be very useful as a 
“diode” in microfluidics, allowing droplets to move in one direction but not 
the other.   
Fourthly, the wetting studies presented in this dissertation should also 
be extended to disordered arrays of nanostructures. This is because, although 
ordered arrays of nanostructures are useful for simplifying analyses, it is much 
easier and more cost effective to fabricate disordered arrays of nanostructures 
over large areas. For purposes of commercializing the technology, the 
performance of disordered arrays of nanostructures should also be investigated. 
Such empirical results are important because modelling of fluid flow through 
disordered arrays of nanostructures would be difficult, time consuming and 
may not be accurate. 
Last but not least, future work should actively explore the possibilities 
of engineering devices based on asymmetric nanostructures and wetting. There 
are various venues to explore. For instance, it would be interesting to see if 
asymmetric nanostructures can be used for oil/water separation by moving the 
liquids in opposite directions. One conceivable way to achieve this, for 
instance, might be to fabricate nanostructures in an array that are oleophilic on 
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one side and hydrophilic on the other side using oblique angle deposition. In 
addition, the nanostructures could also be employed to direct cooling liquids to 
hot spots for thermal management of computer chips. While not all of these 
ideas will eventually be realized as viable commercial devices, the endeavours 
will still be beneficial as the collection of data and analysis will contribute 
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